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DIRECTIONAL  ERRORS  OF  MOVEMENTS 

.\ND  THEIR  CORRECTION  IM  A  DISCRETE  TRi\CKING  TASK 

Robert  J.  Jaeger 
Cyan  C.  Agarwal 
Gerald  L.  Gottlieb 

College  of  Engineering 
University  of  Illinois  at  Chicago  Circle 
Chicago,  Illinois  60680 

and 

Rush  Medical  Center 
Chicago,  Illinois  60612 


.ABSTR^\CT 


The  human  operator  is  ^irone  to  making  errors  in  quick  choice  reaction 
time  tasks.  Many  studies  have  shown  that  subjects  can  correct  their  own 
errors  of  movement  more  quickly  than  they  can  react  to  external  stimtili.  In 
the  control  of  movements,  three  general  categories  of  feedback  have  been 
defined  as  follows:  1)  Knowledge  of  results,  primarilv  visually  mediated.  2) 
Proprioceptive  or  kinaesthetic  such  as  from  muscle  spindles  and  joint  recep¬ 
tors,  and,  3)  Corollary  aischarge  or  efference  copy  within  the  central  nervous 
s  y  s  t  em . 

Experiments  were  conducted  on  four  normal  human  subjects  to  study  the 
effects  of  these  feedbacks  on  simple  reaction  time,  choice  reaction  time,  and 
error  correction  time.  The  movement  used  was  planta r f lexion  and  dorsiflexion 
of  the  ankle  joint.  The  feedback  loops  wore  modified,  1)  by  changing  the  sign 
of  the  visual  display  to  alter  the  subject’s  perception  of  results,  and  2)  by 
applving  vibration  at  100  Hz  simultaneously  to  both  the  agonist  and  antagonist 
muscles  of  the  ankle  joint.  The  central  processing  was  interfered  with  when 
die  subjects  were  givtjn  moderate  doses  of  alcohol  (blood  alcohcl  concentration 
levels  of  up  to  0.07%). 

Vibration  and  alcohol  increase  both  the  simple  and  choice  reacti^>n  times. 
However,  the  error  correction  time  is  not  influenced  by  either.  This  data 
reinforces  the  concept  that  there  is  a  central  pathway  which  can  mediate  error 
correcting  responses. 
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METHODS 


Four  subjects  were  used  In  the  present  study.  Two  the  subjects  (GCA 
and  GLG)  had  extensive  previous  experience  with  the  experimental  apparatus  as 
subjects  in  other  tracking  type  experiments,  while  the  other  two  subjects  had 
no  such  experience.  Parts  of  these  experiments  were  also  done  on  several 
other  subjects. 

A  schematic  of  the  experimental  apparatus  is  shown  in  Figure  1.  (This 
apparatus  has  been  used  in  several  studies,  for  details  see  Agan^ral  &  Gottlieb 
1977). 

The  subject  sat  in  an  adjustable  height  chair  facing  an  oscilloscope 
display  positioned  at  a  slight  angle  in  front  of  him.  His  right  foot  was 
strapped  to  a  one  degree  of  freedom  foot  pedal  (rotation  in  plantar-dorsal 
directions)  with  velcro  straps.  Self  adhesive  surface  electrodes  were  posi¬ 
tioned  over  the  soieus  and  anterior  tibial  muscles  to  record  the  electromyo- 
grams  (EMGs)  or  these  muscles.  A  ground  electrode  was  placed  on  the  thigh 
Just  proximal  to  the  knee.  The  EMGs  were  full  wave  rectified  and  filtered 
before  recording  on  the  digital  tape  at  a  sampling  rate  of  500  per  sec. 

The  oscilloscope  display  consisted  of  two  dots.  The  first  was  the  target 
dot  which  was  under  the  control  of  the  computer.  It  was  defocussed  to  ip- 
P t e ly  «  !trn  di.imeter.  Tliis  dot  assumed  only  one  of  three  positions  at 
any  instant  of  time,  either  in  the  center  of  the  screen  or  '4.0  cm  vertically 
away  from  the  center.  The  second  dot  was  the  response  dot  which  was  under  the 
control  of  the  subject.  It  was  focused  to  a  sharp  point  approximately  0.5  mm 
in  diameter.  The  suhjt^ct  could  vary  the  position  of  the  dot  rent  inuotYsI  v 


aiAuig  tne  vertical  axis  oi  the  oscilloscope.  The  crucial  part  of  the  experi¬ 
ment  was  Che  ’’polarity"  of  the  subjects’  control  of  the  response  dot.  This 
polaric\  was  u*ider  the  control  of  the  computer.  Normal  or  positive  polar iev 
meant  that  when  the  subject  moved  the  pedal  down  (up)  the  response  dot  also 
moved  down  (up).  Inverted  or  negative  polarity  meant  that  when  the  subject 
moved  the  pedan  down  (up),  the  response  dot  moved  up  (down).  The  purpose  of 
this  provision  ror  polarity  reversal  was  do  decouple  the  proprioceptive  feed¬ 
back  from  the  visual  feedback  and  induce  the  subject  to  make  errors  in  move¬ 


ment,  The  use  of  polarity  reversal  has  been  previously  described  bv  Gibbs 
(1965)  and  Angel  and  Higgins  (1969). 


The  target  dot  was  controlled  by  the  computer  as  follows.  The  experiment 
began  with  the  target  dot  in  the  center.  After  a  random  delay  of  3  to  5  sec, 
the  target  dot  stepped  randomly  up  or  down.  The  now  position  was  maintained' 
for  a  random  period  of  3  to  5  sec  and  then  returned  to  center.  Ten  initial 
tri.ils  stepping  out  and  returning  to  zero  were  performed  at  normal  polarity. 
Following  tberie  ten  initial  trials,  the  computer  reversed  the  polarity  of  the 
response  dot.  A  random  number  (8  to  12)  trials  were  performed  at  the  reversed 
polarity,  after  which,  the  polarity  again  reversed  for  the  next  group  of 
trials.  The  response  Immediately  following  a  polarity  reve**sal  was  always 
discarded,  since  it  could  be  expected  to  contain  a  higher  proportion  of 
visually  mediated  error  corrections  than  other  responses. 

This  scheme  of  target  dot  movement  also  provided  the  opportunity  to  study 
simple  and  choice  RTs,  since  the  majority  of-  responses  were  correct,  Ii/hen  the 
target  dot  moveu  from  the  center,  it  moved  randomly  up  or  down,  forcing  the 
subject  to  choose  oefore  reacting.  ivTien  the  target  dot  next  moved,  it  always 
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'"'''"-he  subr^'r’  «”bi-‘ct  ro  ^nk.  ,:  .i„plu  rcart-.. 

.he  subjects  were  instruct^  t,.  r-c-ouse  dor  '.i. 

ot  the  target  Jot  as  quioklv  as  possible  -.tf.,  ,  movement 

but  CO  favor  a  fast  response.  '  possible, 

distal  tendons  of  soleus  and  anterior  tiMs  /  attached  to  the 

joint)  With  surgical  Cane  JratoS  r"’""'" 

during  the  tracking  task.  ^I'^tators  ..ere  .operated  at  100  Hz  cent  i.nuously 

In  the  alcohol  experiments,  tiie  sub-ecre  •  t 

Co  the  body  weight  such  chat  the  ult-nate  3'r  ^  ■  T  proportional 

Unit  by  Inroximeters.  Inc.).  '  '  ‘acoximecer  (Ga.s  Chromatography 

The  measurement  of  the  KTs  were  done  o-.-  lin  •  '-e  H..„-  • 

dual  responses  on  a  four  channel  o.sc  •  1  !os  ■  dispiayme  tne  indivi- 

time  measurement  alter  the  input.  The ‘aecu-M -v"  Che 

•-•qua',  to  the  sanplinc  interval,  i  e  ’  r-s ‘  regents  is 

In  Figures  2  and  i.  •  ••  -  --se.-.  .^.e  ms  measured  are  indicated 

nnd  the  C-te.st'^^r:’.u,a'licy"of  die ^m.tans''o?'’-vo"t-’n” 

assumed  te  he  unequal  (Sokal  a  R„hif.  1909 /cha  gt  er  ‘  -re 


SUITS 


S.it.i  Wert*  ^  i)n  s«.'par.irs 

;>ar;uii-i.  Vho  first  aav  -vr 


rospoasos  arc  .siiovci 
o’TcM*  rt'.spi'n.sc  in  f 

'.s.  o I  t :il  an r tir ior  : 


imcnr  vas 


.  h  tj:%por- 


Fi):ura  j. 
"ibial  \aJ) 


s  under  normal  .'caditions. 
t  respt)nse  In  a  ah- ice  S: 


ina  tiio  an,c;i]ljr  voiaaitv  (’).  p>,.  "V  i  ^‘USv-lcs 

differentiation  of  annular  rorati’on.  -hcT- i-Vh?  uT’ '"F  digital 
Uie  error  reaction  time  (F.RT),  and  the  error  o.-rf-'-  ••  on'?  jf  "J-r-T"’"'  “ 
...easureu  using  bo.h  the  KMC  and  veloei-  i.t-  n 

'TMC  related  measur..ment.s  are  repor T-df  ri-VlT,.', 
oe.en  exactly  tlie  same  using  the  velocitv  die-  '  " '  > ‘‘ns  would  nave 

Table  L  shows  cue  si.mple  and  eju.uT-  Tac-ion  r--  •  , 

Cions  witli  positive  and  negative  oolar’^v  me'  ‘ oondi- 

sub  ject  CA,  and  CC's  SRT.  the  RTs'  for  -he  other"  r hr  ’  ’f''"  -“‘■•'-•F'- ^1 

anu  negative  polaritv  were  not  sign  i  f  iJant  1  v  elf  .r  Positive 

•a  .slight  increase  in  the  RTs  with  negative  n..  1  i r i t-' "  T 

wica  aleohoi  and  vibration  were  more  s'-^nT-iMf'-  m  differences 

pv)L.iriLy  data  was  iunpad  to.ycther.  '  '  -Tt^garive 

^  .Ut3 1  e  LT  shows  SRTs  for  all  sitli  i r_  ..i 
Ch.it  in  general,  alcoliol  as  well  as  vib  rat  i  m '  iTT  ^acpigm  conditions.  Mote 
true  lor  CRT  shown  in  Table  Hi.  The  t-ce>--'t  ccmp  irT'jT.' 
normal  and  altered  .■on.litiens.  m  rabie"  II  .■'iv-'"  f*'’ 

are  significant  at  1>  O.Oi  level.  [n  T,bl’  'n  values 

values  are  significant  at  P  ••  O.ni  levf-i.  aur  of  eight  C-test 

Table  IV  sliows  the  error  re.ic;  ion  -i-os  in  m,  ,i 

-  •■  •  n  tiu  i.uee  paradigm  conditions. 


as  Ob  tailed  hy  digital 
.  ni'ice  RTs  (RP.T  i  CRT), 


f  “ vurprs5ctv:ioirrjr;' 

fLib^r  "re  •!•«  r^Hs  ““r  t;;:^.o  coSdl.lens  ren.ed  between  16!  and  33!. 

In  these  data,  four  out  of  eight  t-test  values  snow  significant  difterences 

'  “iaillTc^npares  ehe  data  fro.  Tabled  til  and  IV  for  oholoe  81  bnd  error 
RT  .ander  nornal  conditions.  Sote  that  error  BTa  are  larger  than  the  choice 
RTs  and  only  one  out  of  four  t-test  values  snow  signiricant  difference.,  at 

^  '  °Tabie^vf  ^hows  the  error  correction  tinies  for  the  four  subjects  under 
our  three  paradigms.  The  error  correction  time  is  significantly  less  than  the 
choice  or  error  RT.  None  of  the  eight  t-test  values  oecween  normal  and  alte.e- 

conditions  show  significance  at  P  O.Ol  level.  .  ,.„ii  c- 

Table  VII  shows  the  error  rates  for  individua.  experiments  as  well  as 

combined  error  rates  for  all  subjects.  The  vibration  input  did 
the  error  rates.  Alcohol  tended  to  increase  tne  error  races  in  three  out  of 
four  subjects  but  the  t-test  values  do  not  indicate  any  significance,  ror 
n  =  i  the  c-cest  values  are  not  very  meaningrul. 


DISCUSSION 


The  paradigm  of  incompatible  display  has  been  used  by  Gibbs  (1963; ,^Angel 
i  Hi-'’ins  (1969),  and  Angel  (1976).  There  is  a  clear  increase  in  the  SRi  as 
well^’as  CRT  with  negative  polarity  display  (Table  I).  This  increase  was 
sienif leant  at  P  <  0.01  level  for  subjects  GA  and  GG  whose  Ris  were  fastest. 

The  significance  of  positive  and  negative  poLirity  disappeared  with  increased 

RT  of  subject  RJ  and  FM,  ,  ^  ^  _ 

tncroises  both  the  SRT  ana  c.vT  ror  correct  Tnove...ents 

as  comoared^to  the  normal  condition  (Tables  II  and  III;.  Carpenter  (1962)  has 
reviewed  the  literature  on  Che  effects  of  alcohol  .>r.  psyc.nolopcax  processes 
and  concluded  that  in  most  studies,  RT  is  lenstnenec  it  relatively  lowr-oo- 
.alcohol  levels.  Vibration  of  a  tendon  in  humans  causes  a  predictable  increase 
in  the  contractile  activity  of  the  agonist,  caused  by  autogenous  rer lex  exci¬ 
tation  of  the’ alpha  motoneuron  (Hagbarth  £<  Eklund,  1966).  .his  leaus  Co 
involuntarv  movements  and  illusion  of  movements  (Gocavin  et  al  19/,,  dcClosxeV, 
1973;  Craske,  1977).  In  our  experiments,  vibrators  were  attached  to  botn 
agonist-antagonist  tendons  and  subjects  reported  numbness  in  the  vibrateu  anKle 
joint.  The  significant  increase  in  the  SRT  and  CRT  with  vibration  coula  indi¬ 
cate  that  large  irrelevant  position  signals  from  the  vibrated  joint  de  a.s 
processina  of  visual  information  and  command  selection. 

Tables  IV  ind  V  show  chat  the  choice  reaction  time  and  the  error  reaction 
ti-^e  C initial  movement  in  the  wrong  direction)  are  not  significantly  dirrerent 
under  normal  conditions.  This  agrees  with  Gibbs  (1965)  ilnaings  cnat  the 
response  latencies  of  correct  and  incorrect  responses  were  virtually  equal  on 
equiprobable  steps.  Although  the  response  latencies  ror  the  four  subjects  are 
slmif’-cantlv  different,  there  is  no  correlation  betweentherespor.se  latencies 
and  th^  errors  of  subjects  (see  Table  VII),  i.e.,  the  subjects  who  responded 
i-ost  r.ioidlv  did  .lot  m.ike  the  most  errors  (Gibbs,  19':3;.  ihe  ERT  in  most  _ 
cases  is  longer  than  the  CRT,  sutgescing  that  there  was  no  temporal  anticipa- 


tion  or  the  target  (A  paradigm  which  has  been  used  by  Schmidt  and  Gordon  (1977) 
in  their  study). 

The  surprising  result  of  this  study  is  that  whereas  the  SRT  and  CRT  are 
influenced  (increased)  by  vibration  and  alcohol,  the  error  correction  times 
are  not  significantly  affected  as  given  in  Table  VI.  The  average  error  correc¬ 
tion  time  is  shorter  chan  the  CRT  for  individual  subjects.  This  is  in  agree¬ 
ment  with  findings  by  Gibbs  (1965),  Rabbitt  (1966),  and  Angel  and  Higains 
(1969).  Megaw  (1972),  and  Angel  (1976). 

The  histograms  of  error  correction  times  for  the  four  subjects  under  tlir^-e 
paradigm  conditions  are  shown  in  Figure  4.  For  subjects  GA  and  GG  who  had  the 
most  experience  in  tracking  studies,  most  errors  are  corrected  in  less  than 
250  msec,  i.e.,  less  than  their  normal  choice  reaction  times.  For  subject  RJ 
a  significant  number  of  ECTs  are  larger  than  250  msec.  For  su^^ect  FM,  his 
RTs  were  the  slowest  and  larger  percentage  of  ECTs  are  above  msec. 

The  conclusion  of  Higgins  &  Angel  (1970)  and  Angel  (1976)  chat  the  origin 
of  feedback  trom  error  responses  is  central  rather  than  kinnesthetic  is  rein¬ 
forced  by  the  invariance  of  ECTs  with  vibration  on  the  limb.  The  vibration 

increases  the  SRTs  and  CRTs  which  implies  an  influence  of  the  peripheral  input 

in  motor  command  decision  making. 

Alcohol  which  is  known  to  produce  a  depressive  effect  on  the  C^CS  also 

increases  the  SRTs  and  CRTs  but  does  not  s  Igni f leant  I y  influence  the  ECTs  with 

bAC  ^evels  of  0.071  or  less  used  in  these  experiments. 
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TARLH 

l:  Effect 

of  iHsolav  Polarity  on 

Simple  and  Choice  Reaction  Times 

SUBJ 

Positive  Polarity 

ME/XN  SD  N  t 

•NEGATIVE 

ME^XN 

;  POLARITY 
SD  N 

Simple  Reaction  Times 

GA 

216 

32 

113  -3.99* 

248 

78 

no 

GG 

222 

51 

129  -2.52* 

240 

71 

164 

RJ 

270 

76 

130  -1.42 

233 

78 

156 

FM 

359 

75 

133  0.59 

354 

69 

161 

Choice  Reaction  Times 

GA 

235 

57 

98  -2.79* 

272 

102 

73 

G(', 

256 

42 

111  -2.00 

271 

70 

122 

RJ 

268 

80 

33  -1.12 

282 

84 

90 

FM 

33S 

7  6 

112  -1.4fi 

359 

69 

112 

*P  <  0.01 

nXBr.E  II:  Simple 

React  ion 

Times 

SUBJ 

VIUIUTUW 

ml'a:'!  sd  m 

MURMM. 

t  ME.VM  SD 

t 

MEAN 

ALCOHOL 

SD 

N 

GA 

246  43 

130 

-5.99*  219 

39 

233 

-4.48* 

235 

42 

297 

RJ 

316  92 

136 

-4.50*  277 

77 

286 

-7.75* 

333 

96 

269 

FM 

371  78 

274 

0.53  375 

86 

294 

-5.68* 

420 

98 

256 

(x; 

311  84 

1 64 

-10.46*  232 

64 

293 

-1.24 

240 

54 

290 

u 


TABLE  III; _ giolce  Reaction  Timoc 


SUBJ 

VIBILM  ION- 
MEAN  SD  N 

t  ME.\N 

.NORMAL 

SD  N 

t 

ALCOHOL 

\rc’Av  c»T> 

GA 

317 

111 

131 

~5.58*  253 

80 

171 

-0.64 

258 

59 

•1 

152 

RJ 

333 

83 

98 

-5.27*  277 

86 

173 

-8.25* 

355 

88 

166 

FM 

409 

96 

211 

-7.43*  348 

73 

224 

-11.28* 

443 

100 

212 

GG 

330 

85 

136 

-6.9'’-  272 

61 

233 

-3.34* 

288 

61 

230 

JrVBLE  IV:  Error  Rpactii-m 

Tinoa 

SUBJ 

VIBfLMION' 

SD  N 

.  t  ME.\N 

NORMAL 

SD 

ALCOHOL 

A  NT  ri  n 

GA 

274 

60 

19 

-1.03  257 

62 

47 

-0.56 

_^u-.rvi.N 

263 

DO 

59 

_ V 

104 

RJ 

342 

65 

55 

-2.90*  311 

55 

SO 

-3.57* 

34  3 

69 

Hi 

FM 

387 

75 

-1.33  363 

72 

68 

-5. 72* 

443 

70 

41 

GG 

332 

84 

32 

-2.42*  289 

63 

42 

-0.08 

-90 

60 

45 

TABLE  V: 

Comparison  of  r;?Tc: 

KRTS  M 

- - - - — 

ncii  r 

''  r"". i  ]  c'* ' T' 

i  z  1  ^.’ns 

SUBJ 

CHOICE 

REVCTION  TIMES' 
MEAN  s'D  V 

ERROR 

RE.\CTI0N'  tlmes 
t  ME.\N  SD  V 

GA 

253 

80 

171 

-0.37  257 

62 

47 

RJ 

277 

86 

173 

-3.79*  311 

55 

80 

FM 

348 

73 

224 

-1.50  363 

72 

68 

GG 

272 

61 

233 

-1.62  289 

63 

42 

I 


_^BLE  VI_; _ Error  Correction  Tlmfs 

SVHJ 

VIBRATION 

MEAN  SD  M 

t 

MEAN 

N0R!-IAL 

SD 

N  c 

ALCOHOL 

Cu\ 

137  69 

19 

0.32 

143 

72 

47  0.67 

135 

SD 

39 

RJ 

194  101 

55  -1.71 

166 

81 

80  -1.62 

186 

88 

FM 

259  72 

59 

2.  IS 

293 

103 

68  2.23 

251 

90 

GD 

o 

GO 

32 

0.05 

169 

72 

42  -0.63 

150 

74 

TABLE 

VII:  Rate-  nf 

Errors 

in  Porct^nr 

SUBJ 

VIBR.ATIO:.' 

XOFJUL 

^iLCOHCL 

GA 

0.063 

0.  107 

GO 

GO 

RJ 

0.173 

0. 143 

0.203 

FM  . 

-  0.110 

0.116 

0.081 

GG 

0.096 

0.074 

0.080 

VIBR.\TT0N 

t 

NOR'UL 

JC _ 

AT  rniinT 

MFAM 

0.112 

■0.04 

0.111 

-0, 

.74 

0.138 

SD 

0.048 

0.030 

0.067 

4 

4 

4 

_ X 

104 

111 

41 

45 
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A  3.';h'in.it;i,f  of  th.  ■ 

ne.isured  usin-  disk  ,  apparatus  F7 

cnenius-soleus  and  anierJor  thr'rn?""""  ^re 

titii.  anolifigy-e  /u_  ,  .  ,  Cibini  niuscles  P*^rr  i  ^  of  the  a-i  ■‘#- 

independent  ef.;,,.  dot.,  "hime'r"’^  °”  “''■'  "'«nnel?  ‘‘n'/”  ‘"C"'  channel 

channel,  at  .  Thi.  eha„„e,  1.  npe„c,d 


Figure  2 

Typical  response  in  a  choice  reaction  with  a  display  gain  of  +l  and  a 
movement  from  central  position  to  plantarf lexion  of  the  ankle  joint.  The 
choice  reaction  time  (CRT)  is  measured  from  the  jump  of  the  target  to  the 
first  EMC  burst  in  gastrocnemius-soleus  (GS)  muscle.  There  is  no  EMG 
activity  in  the  anterior  tibial  (AT)  muscle.  Total  display  time  is  1  sec. 
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I  Sec 


Figure  3 

Typical  response  in  error  movement  and  subsequent  correction.  The 
display  polarity  is  again  +1.  The  error  reaction  time  (ERT)  and  error 
correction  time  (ECT)  are  measured  from  the  initial  burst  in  the  antagonist 
and  agonist  muscle  EMGs.  Total  display  time  is  1  sec. 
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Thic  paper  dealc  the  ePPect  ci’  thtr  jpectr^x:  of  t;:'/  fc 

ticn  on  th.e  haiT.an  pil^.t  •iynamio::  in  r.rinaal  toiitrc-1.  A  oir.pl-;  •: 
tracking  experiment  var  jondncted,  vhere  tier  centre  1  ] --d  e-i-.-ment 
riecotid-ordor  dynjemico  a:id  the  iVrcinm  tjr.ction  vaj  avrandem  nci 
dorninanl  t'roquency.  The  dominant  frequency  and  the  rower  of  th 
function  were  two  vari*i.:;le  parametero  during  our  ex » .,.rir.ent . 

The  reeultn  ::;;ow  t::at  the  iiuman  pii  :t  ieL^cribing  functioru' 


toiitrox . 


terietic;:  of  the  forcing  function.  Thio  euggeoto  t:.at  t 
navior  oiiould  he  expr- eoeci  .uy  th<.^  tranor'er  function  tn-kl 
hie  ability  to  eonee  and  predict  the  htrjino  functi. 


Ai ;(k) 


el'.'meiit,  of  k-th  autoregr'-eci’/v.-  :oef:'icient 


backwtard  ehift  coerator 


:  ( t ) ,  c ( n )  human  ; i 1 o t  out  put 
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1  (  O  »  i  ( n )  foi'c  i  nr  fun c  t i  on 


otatic  gain  of  ^‘orcir.g  function  filtt-r 
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order  of  autore'grossive  model 

m(t )  ,  m(n) 

controlled  el eme n t  o u t pu t 

vuriabl  of  Lap j ace  transform 

controlled  elem- nt 

Yr(.jiAj) 

forcing  function  filter 

Yp(.j(d) 

human  pilot  describing  function 

A 

samplirig  interval 

'i  T* 

dampi nr  of  fO'ScIng  f'SCiotion  lilter 

Cn 

damping  of  controll*:d  element 

ar 

power  of  forcing  function 

<i)r 

undamped  naturae,  frequericy  oi  ! ore -nr  lunct xon 

ajn 

undamec'd  natural  frequency  ti  contr  :  .-.-d  ••-‘-ment 

>1* 


it  ij  well  rii'ivjwii  ".iicLh  wri''  i  'i  :ia:ri.a.n  -ont-r'--- 

control  behavior  depends  on  the  cnaracteristics  of 
the  sycten  as  veil  ac  of  ^he  control  l^rl  -leiocnt  itovlf. 
papers  have  been  published  on  tnio  proc^en. 

Concerning  the  effect  of  t:.e  characterioteco  o:  t: 
on  pilot  benavior,  Waoniou  and  hi^ajinia  (ref^.rence; 
(reference  2)  pointed  out  in  a  series  of  study  on  manu? 
order  system  that  the  ruarnan  pilot  tah-^o  nctice  of  t::^  : 
response  of  the  controlled  element,  if  any,  and  marO-S  . 


his  coi  .’ol  performance. 

On  the  other  hand,  concerning 
pilot  behavior,  McHuer  and  iCrencei 
bandwidth  of  the  forcing  function 
duces  probably  due  to  the  muscular 
pilot. 


(reference  3)  pcir.t 
increases,  the  eff-.-c 
r eac t i  on  c I'.ar act*  ■  r : 


The  purpose  of  the  present  paper  is  to  investigate 
forcing  function  spectrum  on  the  numan  pilot  dynamics 
simple  compensatory  tracking  experiment  was  conducted, 
element  was  of  the  second-order  dynamics  and  the  ferei; 
random  noise  having  a  dominant  frequency.  The  dominan 
power  of  the  forcing  f'lnction  were  two  V'iriabu..e  parame 


forcing  function 
A  rreat  nur  *  or 


o  cent  rolled  *rl^;merit 
and  Ivtc  and  IVasuizu 
.1  contr'-l  >f  ^  second¬ 
er  iodic  itp'  in  the 
.se  of  it  to  improve 


ae^ay  re- 


:  t  i  c  .c  j  f  t  he  r/uJt an 

‘  the  effect  of  the 
n  manual  control.  A 
where  the  controlled 
:g  function  was  a 


-  frequency  and 
ers  during  the 


:ne 


exneri- 


10 


Pilot,  describing!; 
Icient.J  identified 


functions  were  deri 
using  the  Akaike's 


%ed  from  the  autore^gre'osive  model 
riruil  Prediction  Error  method. 


EiiPERIMEMT 


'me 

illOGC 


•  »'*  'i 


•joe 

vn 

•  SO; 

‘  to 
■  ■*  • 


n<-  our  ovoerimeut  was  built  up  with  or.  anuloo-ao  computur,  a>i 
Ld'a  sLSol  Ptiok  with  a  restoring  sprine.  Us, 

•  1.  The  error  e(l)  wao  dici:.i.a,, td  on  t 

-menfmeving  vertically.  The  oilct  v.ar:,  r-^onesr.a 
-e  or-  hio  ability.  The  coutrol:u.d  eiem-eiv,  haxi  a  .e.  ond- 

di^arior,  and  it;;  transfer  function  wa.-,  ol  the  tom; 


Yw(s) 


"ti 


a..,d  aaoanred  natural  frequency  w.j 
"hPi  fixti  tiirougho’it  w)ur  experimenr.  such  as 


‘••he 


C) 


\ro.ilod  element 


C  =  0.1 

n 


O) 

a 


Ii.U7  (rad/ sec)  . 


.iai-  filter  of 


forcing  function  also  had  a  second-ordar  -oanle 


3 .,w,.s+w 

i  1  ^ 


andars'' 


uarnint-  Cf  was  held  fixed  to  0.1  and  tne  static  gain  iv 
''•Pur->l"»'raquency  w.w  were  two  variable  paiaroeters.  mu 
•"-ranofcitned  into  a‘ forcing  function  having  a  dominant 
loin'Pthe' filter.  The  dominant  frequency  was.  varu;a  by 
*  jj  ♦>  a..j » 


and  t  he 
s,  the  white 
frequency 
Selecting  the 


u  =  ',16,  2.2h,  l.>8  (rad/sec)  . 
f 

■jur  Levels  for  the  power  of  the  forcing  function  0  by  adjusting 
-Ml  u  at  ion  » 
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wl.iTc  the  power  oT  Lhc  noi^e  30urce. 


'■’he  exporiinent  w‘ir  oT  12  c^ir.e^,  ni.Lni'?ly  3  kinde  oi  ir»:C[uencieLi  ^iid 
j:ower  c:*  t,h.>  roiv'iric  function,  'ind  two  rutin  of  encMi  enne  woro  p.  rfot" 

h.  After  oiif ficicr^t  oxcorcinc,  tl'.e  nnaloi:  dtita  of  t.iio  lotif^tii  of  '/O 


i  • 


3t;cond: 
•t!  r*i 

•I'HipU 


for  .;ach  rtuu-  wore  recorded.  The  data,  iCt^  o(t),  c(t)  and  :u(t) 
•■'  I  were  •.ratioformed  into  digital  data  by  u-'e  ef  tiie  iiOVA  nini- 
•  jy3tA;T:i.  Til*--  "ACOM  230-T'^  eonipur.er  w:io  cnrloyed 


O-liC 

:'sn*  Munierirri]  ml 


'f  liie  rt^llow i::;:;  time  .utiog 


'.!■  :vi: 


y  ]  lot, 

,:r  *.  -I.- 

•i  .'.orio' 


'P,.  ini'.:  jit'.al  data  tiiur.  vobt/i  inea ,  th-'^  hujr.an 

'  tVip  v.ion.'  identified  utiUeirH:  a  tiiru-  donain  techni^iuo;  tiin.:. 

LV'  n:odol  wan  fitted  to  tne  data  i\v  nnirig  ti:*'  Akaike’n. 
lif'h;  i'inai  iTcdiction  F.rror)  niethcd.  (n.ference  4) 

'.c^  firm  n.lae--,  the  data  were  najnplod  froin  t.ho  analog  data  of  the 
:}5e,  e(t,)  and  :e  error  -‘(M  with  t  oatMidine  in^-‘rval  A,  v:i'-‘’  vio 
:  til-  no-plfd  data  are  <lenot-d  hy  e(!i)  and  e(n;.  Thin:,  th- 

.‘oive  inodr?!  of  the  form; 


o(n) 

A_  . 

1  L 

<.  (;i ) 

■o  > 

k 

.(3) 

=s  't 

-  .(1)B 

3x{n)  =  xir.-l) 


f  h 

/  >1 

r  V, 

,  ,(3) 

j 

.0] 

e(n) 

k  / 

+ 

'1  ' 

S 

(n) 

(2)3  . . .  a.  .(’Ob’’'  (5) 


(6) 


wan  f  it  :,fd  :>;•  the  given  .nata.  r  is  the  backward  nhift  operator  an  oiiowi^  in 
•  ■•luatin:  (o),  and  Art(b)»o  in  eeuation  (^0  are  the  I'ow.  r  cerien  in  B  ti:at 
ar*'-  mad  -  an  'U'  th‘-  all teregreo rive  model  ocei'f iciontn  ‘'*-ij(k)  with  k  goir;g 
from  I  'dirougti  M.  The  order  of  the  model  M  in  determined  by  the  MFPE 
r-^ii'vj.  in  t  niation  (^0  are  mutually  independent  wnite  noiner, 

Oiii*  i'o  have  oiieei.''  dod  in  fitting  the  model  to  tiu*  given  data,  narviy, 
,  .  -  ,T  .  *■::  0,  we  cr:n  compute  rhe  pilot  dencribing  fui,ction  uning 


') ; 


(7) 


Y  (JUJ) 
P 


1  - 


r-  Ai^j_(ju)) 
t  i  v/^ely , 


and  Aio(ja))  are  obtained  iTcm  Aj.i(B)  and  Ax2(3)  in  equation  (U) 
by  replacing  3  with  exp(-ju)A). 


iii  u 
Ai‘pl 
corr 


Thin  method  has  recently  been  put  into  practical  use,  and  our  experience 
it  has  proved  that  it  is  quite  cri’icient  and  powerful  (relerence  5). 
ication  of  this  method  to  our  data  was  also  successful,,  as  the  estimated 
>Lation  coefficient  of  the  noise  so'urces,  0,^2/ small. 


RESULl’S 


■•’inires  2  and  3  are  example.'  of  the  time  histories  rt  tne  records. 


nar.ely  whon  the  t*requonc*y 


f  the  forcing  function  oif 

:/:Kit  in  figur-^  - -  ^  ^  }■ 

•..•IS  lartte-  it  is  not  evident  that  c{t)  was  affeeted  by  the  lorcing  tunc  . ion 
isrio.iicLty.  The  pilot  seemed  to  suppress  only  tne  eontroli-.d  element 

roricdicity ,  .  ,  ,  •  .v 

or.  the  other  hand,  fi.gare  3  shows  the  time  history  01  tne  case  'wnen  (Sj. 

va.-.  relatively  small.  In  this  case,  it  is  evident  that  o(t  ._was  made  up  ot 
t'.vo  main  sinusoidals;  one  reflect.ed  the  forcing  function  perioaicity  and  the 
Other  roflectod  the  pilot  behavior  which  ooeinod  lo  .  upproee  tne  coutroiu-cd 
e'''ment  periodicity.  This  suggests  that,  when  ui/  'w.as  relatively  small,  the 
ipam-in  pilot  behavior  was  affected  by  the  forcing  function. 

Al-ovo  tendencie;?  can  be  seen  more  obviouiily^  in  the  never  spectri^ 

Ai-  n.-.Ltiec  of  the  rilot  output  as  shown  in  figure  namely  In  the  vicinty  of 
the  power  spectra  were  pulie'd  ap'  as  increased,  and  this  pr.eiiome- 

*:eri  br.-canie  more  ccnspicucus  when  (aV*  was  rc?lat j.voi.y  .  malj.. 


rvpical  pilot  describin.g  functions  are  shown  in  figures  and  b,  rrom 
figures,  the  following  tendencies  have  been  observed; 

If  the  power  of  the  forcing  function  ap*-  is  increased,  while  keeping 
the  undamped  natural  frequency  unchanged,  tne  gain  o:  the  pilot  ties- 
cribing  function  increases,  but  the  phase  lead  becomes  smaller  in  the 
fr-^quency  region  belcv  the  undamped  natur*il  frequency  of  t/tie  controlled 

oJ.ement 


2)  If  the  frequency  of  the  forcing  function  a)f  is  decreased,  while  keeping 
t,he  power  O.-^  unchanged,  the  gain  of  the  pilot,  describing  fujiction 
increases,  Put  the  phase  lead  becomes  smaller  in  the  low-frequency  range, 
•■•specially  in  the  neighbourhood  of  the  undamped  natural  frequency  of  the 
forcing  function. 
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-  ^  ine:*-:iee  Hi  t  io  eevor  oT  the  :'or:*in*T  runctlon  id  like  ly 

-w  .to  ..  ein*  tiie  eontroi.  thaT,  tcikt-e  into  account 

i..v*i..  w  1 V  ,  *.ri  >..«  luiiCuioii,  :. lie  '.it, to  dUP'yi*'jd 

HUint^lr  .  lu-^cicy  ‘crr.i  euent  may  leac  to  rdi-  ia  ductien  .m'  the  f'-over  of 
^  :ileo^ 'von  v;y:edt^_d  from  the  rro/ent  ctudy  that’  if  tiie 

vi  tne  centre  ._.ed  o*tvmv;it  and  the  fore  in;-  function  have  eericdici- 
-ne  iiicnan  veuld^  •  ry  to  nu^ment  the  dyot.iri  stability  by  making 

.  :ie  eeriecicity  hi  tin  in^dronov  of  the  controJ  Led  element,  and  then. 
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c  seem  to  ouggor* 
H^d  by  a  dimple* 

•*■^.1  «  tiH  C.’.CU-.-.l  i 
^rat  Lon  i:ic  -ibi  .  i" 


;:u-.  ntiO'..-:;  tiia*.  the  hiut.Mi  pil.;r.  daccribing  [’unctions 
■  ■  '  *  tuv  o^jii t ro idea  dement, 

^  power  the  forcing  function.  There 

r.;:at  :;io  nurian  pilot  centre'!  behavior  co'ildn't  be 
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lorcing  function  on  the  human  pilot 


ii  the  pewer  tnc  forcing  function  Op^  increases,  the  gain  of  the 

.•.■a,T,an  aoscribing  I'unoticn  U.j  increases,  but  the  phase  lead  of  Yn 
tecomc-s  smaller  at  'Uj  <  cun.  ‘  P 

If  hhe  undam-peu  natural  frequency  of  the  forcing  function  cj^  drw 
creasec,  tne  pin  iV.i  irnoreanes  but  the  ph^se  lead  of  Yp  becomes 
.maVer  especially  in  tlv.  vicinity  of  w  =  ^ 


s.e  lead  of  Yp  become: 


)  The  huinan  pilot  ^eems  to  try  to  aucnent  the  .'v.Ttt.n  r.tability  a: 
make  the  perTormance  better  by  uco  of  0),^  and  to.-',  especially  wher 
in  lar^e,  and  and  co^  are  separated. 
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EXTENSION  OF  THE  QUICKENED  DISPLAY  FOPv  MA^lUAL  CONir^oL 

By  Masayoshi  Tomizuka  an^  Wai  Ming  Tam 

Dspartm^nt  or  Mechanical  liingineering 
University  of  California,  Berkeley 


SL^IMARY 

It  is  very  difficult  (or  even  impossible)  for  a  human  to  control  plants 
of  third  order  or  more  with  little  or  no  damping  by  just  knowing  tne  instan¬ 
taneous  error.  It  has  been  shown  that  adding  first  and/or  lUgaer  order  deri¬ 
vatives  to  the  error  signal  and  displaying  the  combined  si^al  are 

in  facilitating  human  control  over  such  plants - signal  quicr^cn^ng  ...  Bira  g 

ham  and  Tavlor.  Their  technique  is  further  extended  to  incorporate  uhe  i.utu 
trajectory' variation  into  the  displayed  signal  so  as  to  minimise  tne  tracking 
error.  A  method  for  tuning  free  parameters  in  ordinary  and^extenceu  q-i.ken 
ing  is  established  by  applying  discrete-tine  optimal  controx.  -.■rperimentai 
results  for  a  triple  integrator  plant  indicate  the  erfectiveness  or  tne  pro¬ 
posed  n»ii.hod  to  achieve  high  quality  tracking. 

INTRODUCTION' 


It  is  known  to  be  verv  difficult  for  a  human  to  control  nigner  order 
plants  with  little  or  no  damping  with  conventional  compensator-'^  or  pursuit 
display  (reference  1).  To  facilitate  human  control  over  sucn  o.ants,  Birmng- 
ham  and  Taylor  (reference  2)  proposed  to  Incorpcrcte  tr.e  o-  t-.e 

plant  output  into  the  displayed  signal.  Tne  tecnnique  is  c--lcc  signal 
quickening,"  and  its  effectiveness  has  been  demonstrated.  Tnis  can  sometimes 
be  done  as  shown  in  figure  1  for  a  triple  integrator  plant,  'snen  tne  ’•erer- 
ence  trajectory,  r(t),  is  constant,  the  quickened  display  maxes  it  possible  to 
achieve  high  quality  regulation.  However,  if  r(t/  is  time  var- *n^,  i  ^ 

be  expected  that  high  quality  tracking  be  achieved  with  the  quic.-tenea  display. 
This  is  because  the  human  operator  and  plant  introduce  phase  sniits  between 
the  reference  trajectory  and  the  plant  output.  To  improve  fne  tracxingper- 
formance,  more  information  on  the  reference  trajectory,  such  as  cerivatives , 

future  values,  etc.,  is  needed.  _  .  ,  ^ 

In  many  manual  control  situations,  the  reference  trajectory  is  preaeier- 

mlned,  or  a  portion  of  future  reference  trajectory  can  be  detectec  in  advance 
if  not  all  future  info nnation  is  available.  In  such  cases,  tne  preview  dis¬ 
play  in  figure  2  has  been  shown  to  improve  the  tracking  perrorr^nce  when  tne 
plant  is  relatively  easy  to  control  (references  3,  4  and  5).  .r  tr.e  plant  is 
higher  order  and  weakly  damped,  preview  information  alone  is  not  surricient 
to  achieve  high  quality  tracking  or  even  to  stabilize  the  p.ant . 

After  noticing  the  limitations  of  quickened  display  an^  preview  display, 
one  may  propose  to  combine  those  rwo  and  use  a  display  as  illustrated  in  fig- 
ure  3.  Hot:ever,  this  scheme  is  not  .^ood  for  tracking  since  vitn  =.acn  a  dis- 


Display 


Human 


Plant 


Fig.  2  Preview  Tracking 

Display 
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play  the  human  operator  tries  to  match  the  distorted  plant  output  with  the 
reference  trajectory.  A  better  approach  is  to  process  future  trajectory  inf¬ 
ormation  by  computer  to  generate  a  distorted  reference  signal  which  is  compat¬ 
ible  to  the  distorted  plant  output.  This  scheneis  illustrated  in  figure  4  and 
is  named  "extended  quickening".  Due  to  innovations  in  microcomputer  technolo¬ 
gy,  this  kind  of  digital  data  processing  is  not  difficult  nor  expensive.  The 
design  of  extended  quickened  displays  involves  the  determination  of  the  feed¬ 
back  (quickening)  gains,  a^*s,  and  feedforward  or  preview  gains,  b-’s,  such 
that  high  quality  tracking  is  assured.  A  design  method  based  on  discrete-time 
optimal  control  is  presented  in  the  next  section. 

DESIGN  OF  EXTENDED  QUICKENED  DISPLAY 


To  simplify  treatment,  the  design  method  is  described  for  a  triple  integ¬ 
rator  plant.  However,  the  method  applies  equally  to  other  kinds  of  plants. 


Controlled  Plant 


A  triple  integrator  plant  can  be  represented  by  the  following  state  and 
output  equations. 


dx 

dt 


=  A  X 
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+  B  m 
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•  denotes  the  time  derivative,  a  is  the  controlling  input  adjusted  by  the 
human  operator  and  y  is  the  plant  output.  Since  extended  quickening  assumes 
the  use  of  digital  computers,  equation  (1)  is  approximated  by  the  discrete 
state  equation. 


where 


A* 

-P 


X  (k+1)  =  A*x  (k)  +  B’m(k) 
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(3) 


At  is  the  sampling  period  and  the  index  k  denotes  k-th  sampling  instance  or 
time  k*At.  Tlie  sampling  period  is  selected  to  be  0.025  sec  which  is  short 
enough  to  maintain  small  approximation  error  and  yet  is  long  enough  for  most 
microcomputers  to  implement  extended  quickening. 
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Human  Operator 


For  design^purposes,  the  human  operator  is  first  approximated  by  a  simple 
time  delay,  e  ,  where  the  delay  time,  L,  is  typically  0. 1-0.2  sec.  With  a 
sampiing  period  of  At,  the  discrete-time  model  is  a  simple  delay  chain,  2"d, 
where  d  can  be  determined  from  (0. 1-0.2) /At.  In  the  following  develop^nt,  *d 
is  selected  to  be  6  which  corresponds  to  0.15  sec  time  delay  with  the  selected 
At  of  0.025  sec.  The  input  to  the  human,  u(k) ,  is  the  displayed  signal  and 
the  output  of  the  human  is  the  plant  input,  m(k) .  A  state  space  model  for  the 
human  operator  is 


where 


Xj^(k+l)  -  4Xjj(k)  +  B^u(k) 

ni(k)  »  Xj^jCk) 


'o 

1 

0 

0 

0 

0^ 

“  0 

^2 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

^4 

’  4  ° 

0 

0 

0 

0 

I 

0 

and  B-  « 

0 

^5 

0 

0 

0 

0 

0 

1 

1 

0 

.^h6  . 

^0 

0 

0 

0 

0 

0^ 

1 

,  1  ^ 

(4) 

(5) 


Equations  (3), 

ics. 


(4)  and  (5)  characterize  the  open  loop  human-plant  dynam- 


Optimal  Control  Problem 

The  parameters,  ajr’s  and  b;^'s,  in  extended  quickening  can  be  found  from 
the  solution  of  an  optimal  control  problem  in  which  u(k)  must  be  determined 
so  as  to  minimize  the  cost  functional  given  by 

x> 

j  •  I  t(y(i)  -  r(i))^  +  w(Au(i)/At)“}  (6) 

i=k 

where  Au(i)  -  u(i)  -  u(i-l)  (-Am(i+6)),  Au(i)/At  -  du/dt,  r  is  the  reference 
trajectory  and  w  is  a  positive  constant.  The  first  term  in  the  cost  functio¬ 
nal  penalizes  the  tracking  error  and  the  second  term  penalizes  the  jerkv  mo- 
tion  of  the  displayed  signal* 

The  reference  trajectory,  r,  is  assumed  to  be  previewable  (by  computer) 
in  the  sense  that  future  information  which  includes  the  sampled  values  {r(k) 
r(k+l) ,  •  ♦  • ,  r(k+Mj2^^) }  is  avilable  at  time  k  where  is  the  preview  (or  look 
ahead)  time.  Nj;,^  is  zero  for  conventional  quickening.  Preview  information  is 
not  surricient  for  finding  the  optimal  control,  u(k) ,  since  the  cost  function¬ 
al  induces  r(i)  s  from  i»k  to  i=».  Therefore,  it  is  further  assumed  that  the 
reference  trajectory  does  not  change  from  the  time  i-k+N^^:  i.e. 

r(k+%a+i+l)  =  rCk+Nj^^+i)  for  all  i>0  (7) 
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•  /'7^  mnlies  for  the  determination  of  u(k)  only.  For  determining 

Equation  (7)  applies  f  at  time  k+1  which  includes  the  sampled 

u(k+l),  updated  of  the  suimnation  in  the  cost 

v.l«e  o£  the  reference  tre- 

functional  becomes  k  1.  oiace  of  equation  (7)  (references  6,7) 

jtrere"3“:hJ:rrh;  ‘e^ertL-LfLece  rre.ecrer,. 

r(i) 


Given  Preview 
Information 


Assume  r(i) 


I' 


t 

k(now) 

Fig.  5  Informatiore 
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k+N 


time,i 


Future  Reference  Trajectory  (at  time  k) 


E,„etiens  (2) -(7)  define  eh  oprl,..!  ™trol 

e  discrete  ti»  optical  L  r^sul  "t  SnLr  eidretlc  (LQ)  optl- 

by  dynamic  programming  or  applying  tne 

mal  control  (reference  8). 


Solution  of  the  Optimal  Control  Problem 
opt. 


The  optimal  control,  u  (k) ,  is 
3  6 

opt 


h-PSlc)  .  \io"rl7‘'‘*‘> 

u  c».  .  ’«?  and  2  n's  are  ail  constant  gains. 

“'“"“T,5‘fe;d£k%S»s!1p/e  =hd  ^,'s.  ere  ^ve„  h, 

*h6]  ■  [“  *  1^-  1]  '[s.^5-  i*  t] 
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.  B  = 
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(9) 


,  R  =  w/(At)^  P  =  [0  0  0  0  0  0  0  0  -r]. 


K  is  the  steady  state  solution  of  the  matrix  Riccati  equation, 

K(i)  »  A\(i+l)A  +  Q.  -  [B\(i+1)A  +  Pf  [R  +  B^Ci-^DB]'' [B\(i+1)A  +  P] 

(K(-)  =  Q) 

and  g.  is  a  9x9  '“^“ix  whose  eq^^i^^^*'be 

:;ircu;r“%e;v.d '^°i 

that  bJk  =[kgj  k<,2  ^93  •••  S9I  B  K  3  =  kgg. 
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The  feedforward  or  preview  gains,  arc  given  as  follows: 


For  0  (no  preview) , 


For  0, 


SjrO 


®r0  ®pl 

0,  g  .  =*-[5^  +  1  i  i  1  I 


®rN.  ~  ®pl 
la 


ha-^ 

-I  g 

£=0 


tI 


(11) 


(12) 


where  is  the  1-9  element  of  the  matrix 

<4ciosed>‘  ■  <4-  -  S.[8pl  S2  *p3  *hl  -  ^.eP  • 

Notice  that  the  matrix  A^iosed  characterizes  the  closed  loop  dynamics  of  the 
human-plant  model  plus  feedback  control  law,  and  is  normally  asymptotically 
stable.  Equations  (12)  and  (13)  indicate  that  the  future  values  of  the  ref¬ 
erence  trajectory  must  be  used  in  a  way  compatible  to  the  closed  loop  dynamics 
and  that  g,j;,'s  with  increasing  I  are  closely  related  to  the  unit  pulse  res¬ 
ponse  of  the  closed  loop  system.  The  second  expression  in  (12)  implies  that 
the  summation  of  gjo's  with  respect  to  I  must  be  equal  to  g  , ,  which  assures 
zero  steadv  state  error  for  the  step  reference  trajectory.  For  asymptotically 
stable  Closed*  “c  approacnes  zero  as  £  Increases,  which  Implies  that  the 
future  is  less  inportant  to  determine  u  ^  (k)  as  it  becomes  further  apart  from 
the  present  time.  This  point  has  also  been  found  in  preview  tracking  (re¬ 
ferences  3,  4,  5) 


Sturcture  of  Extended  Quickening 

The  structure  of  extended  quickening  based  on  the  optimal  control  result 


Fig.  6  Structure  of  Extended  Quickening  based  on  Optimal  Control 
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^  inside  the  dashed  lines  can.. be  view.ed  as 
The  portion  of  the  structur  explained. 

rtlonal  (6)).  ««« 


Table  1  b  4  - - “hi  , .  , 

^  u  — ^  are  orders  of  magnitudes  sailer 

From  Table  1.  it  is  thl^val^ls  of  is  around  ion 

than  ocher  feedback  it  is  possible  to  approximate  the  p 

regardless  of  the  v^ue  of  w  He  ^ 
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Using  a.  *s 
quickening  are. 


and  b. ’s  in  (16),  the  signals 
for  pursuit  type  displays 
3 

s  (k)  =  y  a.x  .(k)  and  s  (k) 
P  ill  ^  pi 


to  be  displayed  in  extended 


*  1  6.r(k+^)  (17) 


and  for  compensatory  type  displays 

s(k)  -  s^(k)  -  Sp(k)  (18) 

where  s  is  the  quickened  plant  output  and  Sj.  is  the  quickened  reference  tra* 
jectory?  Final  tuning  of  the  parameters,  a^^' s  and  b^'s,  must  be  done  by  ex¬ 
periment. 


EXPERIMENT 


An  experiment  was  conducted  to  examine  the  effect  of  different  sets  of 
feedback  gains  in  Table  1  and  to  verify  performance  improvement  that  can  be 
achieved  by  extended  quickening.  In  the  experiment,  a  triple  integrator  plant 
was  implemented  on  an  analog  computer.  An  LSI-11  microcomputer  was  used  for 
generating  the  reference  trajectory,  computing  the  extended  quickening  signals 
(s  and  s  )  and  on-line  data  acquisition  of  experimental  data.  The  display 
wai  of  the  pursuic  type,  and  the  two  signals,  s  and  s^,  were  displayed  by 
dots  each  with  different  intensity.  Human  subjicts  were  asked  to  control  the 
plant  so  chat  the  quickened  plant  output,  s  ,  follow  the  quickened  reference 
signal,  s  .  Two  kinds  of  reference  trajectbries  were  used  in  the  experiment. 
(■Jne  was  a’^sequence  of  step  changes  with  a  20  sec  duration  for  each.  The  other 
was  a  Gauss-Markuv  random  signal  which  was  generated  by  a  second  order  digital 
filter  excited  by  a  Gaussian  white  signal.  The  digipal  filter  was  an  approxi¬ 
mation  of  the  continuous  second  order  filter  with  the  transfer  function 

G(s)  =  - - - - T  U9) 

s**  +  2^u)  s  +  u)** 


where  u)  and  ^  were  selected  to  be  1.5  rad/sec  and  0.7.  Selectable  preview 
settings  were  provided  which  could  be  varied  from  0  (0  sec)  to  200 

Evaluation  of  s^(k)  with  200  was  not  feasible  in  a  0.025  sec 


(5  sec)  . 


-  -  V  r  .  V 

sampling  period  (cyclic  time  of  computation;. 

reference  trajectory  was  smooth  relative  to 

approximate  bandwidth  of  the  filter  (19)  is 

good  approximation  to  s^(k)  in  (17)  was 


s  (k)  =  ^  b'r(k+rp) 
p=0  P 


However,  it  was  noted  that  the 
0.025  sec  sampling  period  (the 
,5  rad/sec  -  0.25  Hz)  and  that  a 


(20) 


where  b'  =  b  +  b^^^j+  pAp+l’  ‘’p 

used  for  on—Iine  computation  of  s^tk) » 


b*s  were  all  precomputed,  and  (20)  was 
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Effect  of  Feedback  Gains 


The  first  set  of  experiment  was  conducted  to  examine  the  closed  loop  be¬ 
havior  with  different  combinations  of  feedback  gains,  g  . 's  (i.e.  a  ’s)  in 
Taole  1.  In  the  experiment,  the  reference  trajectory  wis  a  series  of  step 

i.e.  conventional  signal  quickening.  Time  histories 
the  plant  output  (y  s)  for  different  values  of  w  are  shown  in  figure  7.  It 
can  be  seen  in  the  figure  that  the  feedback  gains  obtained  with  the  lareer  w 
make  the  closed  loop^ relatively  slow  to  respond  while  those  obtained  with  the 
seller  w  make  the  closed  loop  oscillatory  and  require  more  controlling  effort 
of  the  human  operator.  It  was  concluded  that  the  feedback  gains  obtained  with 
w*0.01..0.1  were  most  suited  for  human  control  of  the  triple  integrator  plant. 


Fig.  7  Effect  of  Feedback  Gains  on  Closed  Loop  Behavior 


Extended  Quickening 

The  extended  quickening  experiment  was  first  conducted  with  the  step  ref¬ 
erence  trajectory.  The  parameters,  a^'s  and  bj^’s,  were  selected  to  be  those* 
confuted  with  w=0.1.  This  choice  was  based  on  the  result  of  the  first  set  of 
e^eriment,  effect  of  feedback  gains,  described  above.  Time  hist^riL  oTthl 
plant  output  for  different  values  of  preview  time  (or  are  shown  in  figure 

j.—  ' '  I  inclusion  of  future  values  of 

- reference  trajectory  in  the  dis- 

^  I//.*/  played  signal,  s  ,  causes  the  plant 

^  Y/  _ jLiA__tin£  ’^^spona  prior  to  the  step 

™  ^  j  reference  change.  The  maximum  and  RMS 

A/y  -J^  tracking  error  were  both 

■'  ''  ^  ”n  L— -  improved  by  previewing  the  reference 

trajectory.  A  4~5  second  preview  time 
^^£a°'i^0''20C)  was  found  to  be  suffi- 
Fig.  3  Effect  of  Preview  Time(*  num-  cient  to  attain  almost  all  the  possi- 
bers  indicate  preview  times  in  see)  ble  psrfcnr.ar.ee  improvement  relative 


5  sec 

h- 
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Fig.  9  Effect  of  Preview  Time 
(random  refer.enc^*  trajectory > 
Preview  Time=0.025><Nj^^  sec) 


to  the  ::ero  preview  case  which  was  about 
50  A  reduction  of  the  maximum  error  (ob¬ 
served  at  the  time  of  step  reference 
change)  and  about  70  %  reduction  of  the 
RMS  error  computed  over  60  sec  (i.e.  3 
step  changes  of  the  reference  trajectory) . 
A  similar  improvement  was  also  observed  in 
the  controlling  input.  Tlierefore,  the 
difference  among  the  four  response  curves 
in  figure  8  is  not  simply  a  matter  of 
translation. 

The  extended  quickening  experiment 
was  also  conducted  with  the  random  refer¬ 
ence  trajectory.  Figure  9  shows  the  plant 
output  for  different  ’'alues  of  It 

can  be  seen  in  the  figure  that  the  phase 
shifts  between  the  reference  trajectory 
and  the  plant  output  gradually  reduce  as 
increases.  It  was  found  that  approx¬ 
imately  a  2  second  preview  time 
was  sufficient  to  achieve  almost  all  the 
improvement  in  terms  of  the  RMS  tracking 
error,  approximately  50  %  reduction  rela¬ 
tive  to  the  zero  preview  case.  Further 
performance  improvement  beyond  was 

observed  primarily  in  the  controlling 
signal  whose  peak  and  RMS  values  were  both 
continuously  decreasing  as  was  in¬ 
creased  from  80  to  200. 


CONCLUSION’S 


The  signal  quickening  technique  was 
extended  to  incorporate  the  future  refer¬ 
ence  trajectory  variation  into  the  dis¬ 
played  signal  so  as  to  achieve  high  quali¬ 
ty  tracking  in  manual  control  of  higher 
order  plants  with  little  or  no  damping. 

A  design  method  for  extended  quickening 
systems  was  established  based  on  the  dis¬ 
crete  ti«ie  optimal  control  theory.  The 
experiment  for  a  triple  integrator  plant 
indicated  that  a  drastic  improvement  of 
the  closed  loop  performance  can  be  obtain¬ 
ed  by  extended  quickening. 

The  extended  quickening  technique 
should  be  useful  for  various  man-vehicle 
systems  including  airplane  landing,  maneu¬ 
ver,  submarine  control,  etc.  The  main 
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motivation  of  (extended)  quickening  was  to  facilitate  human  control  over  high 
order  plants  with  little  or  no  damping.  However,  for  the  cases  that  plants 
are  relatively  easy  to  control,  the  technique  should  be  still  useful  in  vari¬ 
ous  respects,  e.g.  for  reducing  the  human  work  load. 

The  work  reported  in  this  paper  is  being  continued  to  investigate  the  ex¬ 
tended  quickening  technique  in  more  realistic  situations.  Emphasis  is  placed 
on  the  following  two  points: 

1.  State  Estimation:  It  was  assumed  that  the  derivatives  of  the  plant  out¬ 
put  are  directly  measurable.  Although  the  assumption  holds  in  ideal  sit¬ 
uations  such  as  the  triple  integrator  plant  on  an  analog  computer  in  this 
paper,  it  is  usually  not  possible  to  measure  all  derivatives  directly. 

In  such  cases,  one  possibility  is  to  include' a  Kalman  filter  or  state 
observer  in  computer  software. 

2.  Effect  of  Disturbance:  In  this  paper,  external  disturbance  inputs  and/or 
noise  were  not  considered.  In  practical  situations,  disturbance  and 
noise  can  not  be  ignored,  and  their  effect  must  be  investigated. 
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EFFECTS  OF  UNCERTAINTY  ON  >UNUAL  TR.\CKING  PERFOR>LANCE 

X'cvQ  R*  Ephriich  &  B^rbsra  Charnoff 

Department  of  Electrical  Engineering  i  Computer  Science 
University  of  Connecticut 
Storrs»  Conn,  06268 

SUM>URY 


In  tnis  experimental  studv  we  investigated  some  transient  phenomena  and 
tareet  acquisition  modes  associated  with  interrupted  observations  during 
ground-to-air  .U  tracking.  Our  subjects,  using  a  two-axes  control  stick, 
tracked  a  computer-generated  airplane  image  on  a  CRT  display.  The  airplane 
image  executed  a  low-level  straight  pass.  .At  certain  pseudo-random  times 
de-ing  each  25-second  run  the  screen  was  blanked  for  a  period  ot  one  second 
(simuLting  a  temporary  loss  of  visual  contact  with  the  target^ due  to  clouds, 
fog  or  obstructions).  When  the  target  image  reappeared  the  =^ut>]ec  s  reac¬ 
quired  it  and  continued  tracking,  attempting  to  minimize  vector  R.1S  error  for 
the  entire  run  (including  tlie  blanked  period). 

The  results  reveal  an  increase  both  in  tracking  error  ana  in  error  var¬ 
iance  during  Che  blanked  period,  only  when  the  target  disappears  while  in 
the  crossover  rogion.  Blanking  at  other  times  effected  increased  variance 
but  had  -.0  effect  on  the  moan  error.  Also,  blanking  before  and  after  cross- 

ts:  A  blir.kin,^  porun!  boforo  produced 

an' increase’  lag’while  a  blanking  just  after  crossover  resulted  in  a  lead  and 
thus  made  the  err  r  curve  more  svmmetric. 


iNTRO DUCT  ION 


The  prcblom  cr  manual  tracking  performance  with  sampled  observations 
has  been  studied  before  (e.g..  Refs.  1,  2)  from  a  •’macroscopic"  point  of 
view  Ir  these  studies  the  overall  control  performance  was  investigated 
when" the  human  was  assumed  to  have  access  to  periodic,  frequent  observations 
of  the  system  outputs. 

In  -he  studv  reported  here  we  intended  to  concentrate  on  the  micro¬ 
scopic  aspects  of  the  tracking  behavior.  We  were  not  interested  in  the 
operator's  performance  as  a  whole;  rather,  we  set  out  to  examine  the  details 
of  the  tracking  behavior  during  periods  when  observations  of  the  system  out- 
Duta  were  not  available  to  the  human.  Understanding  the  operator  s  be¬ 
havior  during  such  essentially  open-loop  tracking  is  of  interest  as  these 
situations  occur  nuite  frequently  in  practice.  Examples  of  operators  sub- 
iec-ed  to  this  tvpe  of  manual  tracking  may  be  the  driver  of  a  high-speed 
automobile  during  the  first  few  seconds  after  entering  a  dark  tunnel;  a_ 
radar  operator  atrempring  to  track  a  target  with  the  aid  of  nol s^v. position 
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i..nr  r  """  bactery  operating  in  an  environ<r.ent  of  electronic 

ounter-measures,  optical  counter-treasure  or  simple  topogranhical  an^mcL'- 
r.logical  obstructions  masking  the  target’s  image.  Indeed,’ our  exDerimental 
■set-up  simulated  the  situation  of  the  latter,  i.e.,  the  .-VU  paradig^ 


THE  E.XPERIMEN’T 


ur  experimental  facility  consisted  of  a  PDP  11/20  comnuter  a  CRT 
screen,  and  a  two-axes  control  stick.  The  PDP  11/20  generated  a’delta- 
swpeu  airplane  image  used  in  the  componsatorv  tracking,  with  the  ima^e 
displayed  on  tiie  CRT  screen  (see  Fig.  ]).  “ 

......  ::  ‘”5:^ 

-  wita  ...rgcL.  Five  experimental  conditions  were  implemented. 


A: 

(condition  K: 
Condition  F: 
ConditLcm  C: 


•V‘>  biankiiVi; 

blankings  at  -5  sec.  and  at  +9  sec.  (0.  sec. 
fi ranking  at  -j  sec. 

Rlanklni;  at  +1  . 

iJlanKing  at  +3  sei:.  and  at  -f-V  .<oo. 


“  crosi-'over) 


The  purposi'  oi 
•  in  attempt,  to 
Lir.st  :>[ank 


two  blanking  periods  (Conditi  ns  I)  end  Ci  •was  fwofold:  In 
|■>r.,..JK  Uie  subjects  fr.im  relaxing  their  tracking  effort  after 
>sureu.  tae  second  blanking  at  +o  seconds  was  '  introduced . 


cracking'behavioi  of'\s,jbjictrdu?Lrp‘'^irV’'^  transient 

target  angular  ve.ocitv  L  .  n5  t^e  Lk 
the  transient  phenomena  in  the  crosLJe^  '-it  "  o  ^ 
served  as  the  control  for  the  subjects’  baseline  trackJnnbilltv! 

Force  Rorc  trotra-.;  ptrt^e!pat'ed'tn“htt’"exA'-’i^^^  '"ti 

:oii.si..-ely  in  cltis  t.isk  by  cracliing  a  variety  of  flybvn-  T'  trained  es- 

....t  expoaed  to  blanking,  ,.„ra  p„„,  er.perl.enwUoi^^e'lceS!'' 

.a  r..,:i;i;.i:;5iTr;er:„;-ri“r.i2r'; 

per  The  sobject,  „er.  nor  inlS;:^^  '  .  ”  1  be  n^S"  o^bP  1™ 

periods  in  each  run,  nor  were  they  told  how  manv  exJrnZ^al  " 

were  to  be  presented.  Thev  were  told,  however  ^ 

be  presented.  The  subjects  were  instructed  to'mVAmUe  chtrr\ts‘’tracrir'“ 
-ror  tor  the  entire  run.  including  the  blanked  periodt. 'tuowfng 


run,  each  subject  was  informed  of  his  R>iS  error  score  and  was  encouraged  to 
keep  it  as  low  as  possible. 


Tracking  errors  in  azimuth  and  elevation,  and  the  control  inputs  in 
these  axes  were  sampled  by  the  PDP-11/20  at  a  rate  of  40  Hz.  Each  20.6- 
second  run  thus  yielded  1024  datum  points  for  each  of  these  four  dependent 
variables.  The  data  were  stored  in  real-time  or  secondary  devices  (discs 
and  magtapes)  for  subsequent,  off-line  processing  and  analysis. 


RESULTS  A.N’D  DISCUSSION 


Some  results  of  this  experiment  are  presented  in  Fibres  2-6.  Each 
figure  is  the  summary  azimuth  data  of  the  (6  subjects  x  7  replication^o  -  ) 

42  runs  per  experimental  condition.  (In  the  interest  of  brevity,  elevation 
data,  which  are  completely  analogous,  were  omitted  here.)  Figures  2a  and^ 

2b  are  the  mean  and  standard  deviation,  respectively,  of  the  angular  tracK- 
Int'  error  under  the  baseline  condition.  Condition  A  (no  blanking).  Figure 
2a°exhibits  the  asymmetry  (large  lag  just  before  crossover  and  smaller 
lead  immediately  after)  characteristic  of  this  tracking  task  [31.  Also,  _rhe 
cracking  errors  are  quite  small  in  the  so-called  areas  of  good  i.rackj.ng 
outside  the  crossover  region. 

Comparison  of  Figure  3  (standard  deviation.  Condition  D)  with  Figure 
2b  reveals  Che  two  blanking  periods  which  manifest  themselves  as  spikes  in 
Fig.  3.  As  expected,  a  blanking  period  just  before  crossover  produces  an 
increased  lag  (Fig.  5),  while  a  blanking  period  just  after  crossover  effects 
a  lead  and  thus  makes  the  error  curve  more  s>'mmecric  (Fig.  6a)  . 

These  deviations  from  the  baseline  error  curve  were  tested  -ising  a 
point-by-point  t-test  and  were  found  to  be  significant,  under  condition  r. 
and  F,  at  the  P  <  0.01  level.  During  periods  of  good  tracking,  however, 
blanking  had  no  effect  on  the  tracki.ig  error  mean.  This  was  true  not  only 
with  respect  Co  the  blanking  period  at  +9  seconds  but  also  with  respect  to 
the  blankings  at  —5  seconds  and  at  +3  seconds. 


CONCLUSIONS 


Increasing  the  operator's  uncertainty  of  the  target's  position  for 
short  periods  increases  Che  lagging  tendency  before  crossover  and  the 
leading  tendency  -  when  the  instance  of  uncertainty  occurs  after  crossover. 
UncercaT.nty  on  Che  operator's  part  of  the  target's  motion  always  results 
in  increased  error  variance;  the  error  mean,  however,  is  sensitive  to  uncer 
taintv  onlv  when  the  cracking  task  is  difficult.  In  periods  of  good  track¬ 
ing  (iind  hence,  small  tracking  error)  uncertainty  has  little  effect  on  the 
error  mean. 
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MODELING  THE  EFFECTS  OF  HIGH-G  STRESS  ON  PILOTS 
IN  A  TRACKING  TASK 

by  Jonathan  Korn  and  David  L.  Kleinman 

Department  of  Electrical  Engineering  &  Computer  Science 
University  of  Connecticut 
Storrs,  Conn.  06268 


SITMMARY 


1,-r.to-Air  tracking  experiments  have  been  conducted  at  the  Aerospace 

»os  analyzed  naing  an  enae.ble  averaging  «thcd. 

In  conjunction  with  these  ezperinents,  the  Optimal  Control  Model  (OCM) 
is  applied  to  model  a  human  operator  under  high-G  stress. 


INTRODUCTION 


Recent  e^-forts  at  Aerosnace  Medical  Research  Laboratories.  OTAFB  have 

Srl5“l“:tr1rrhrnnr"!e:!'“t  Srias\:en' 

corresponding  to  nr«‘'“fee2s  EjM^Jlfted’^Si'ennctloMl 

focused  on  two  subproblems .  First,  erteccs  cnat  tci-acc 

"rightin^s  and  internal  model  parameter  changes  to  ^-tress  were  considered. 

a  structural  change  of  the  model  was  suggested.  The  data  for  this 
mLel  development  and  validation  has  been  generated  on  the  centrifuge  (DES) 
ficilitv  at  AMRL.  The  most  recent  data  vs.  model  comparisons  have  shown  ex- 
LllLt'  cotrespondance  for  cracking  error  ensemble  statistics.  Further  mo  e 
refinement  efforts  are  now  under  investigation. 


ENGAGEMENT  SCENARIO 


Figure  1  shows  the  geometry  of  the  air-to-air  tracking  in  the  longitu¬ 
dinal  pLne  [2].  In  our  modeling  efforts  we  assumed  no  gunsight  digamies, 
l.e.  the  sight  is  fixed  and  aligned  with  the  aircraft  bo  y  axis,  .n  a  i.  lo 
ai  kmplifiLtlon  has  been  added  by  assuming  that  p^itch  angle  equals  the 

flight  path  angle.  a 
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PLWAR  ANGLES  (LONGITUDINAL) 
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The  human  perceives 


.  .  „  the  OCH  asse«Io»  en  obe.tvet  Ions . 

,  (t)  - 

.  «r.i«P  with  covariance 
.  (t^  is  a  white  observation  noise  with 

where  .2  1^ 

i  ~  1  ^ 


o 

(c)  - 

^i  1 


2  7 

(y."+  a.-) 


-(a.) 


(3) 


(4) 


t  -  operator  time  delay 

=  nominal  noise  to  sig  observed  variable 

,  =  fractional  attention  allocation  to 

.  ,„t  of  vuuel/lndlffetence  threshold 

NCci.)  *  e<^uiv3.1*2nt  § 


y  =*  mean  of 


^  =  standard  deviation  of  y . 

^  ac  to  the  differencial  equation 

Th.  coatrol  lapot  c.trospoods  to 


u;t)  = 


x(t) 


Lu(t)_, 


+  J-  V  (t) 


(5) 


is  the  estimated  state,. 

rr“oro'ir.i"rthr:rriaats  si  a<t, 

V  (c)  =  0  cov[u(t)l, 

nt^fficient.  The  system  matrices  are 

0  being  the  motor  noise  ratio  . 

■a  n  1  n  I 


b 

— o 


1  0  v/D  q 
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0  0 


0  1  0  V/D  0 

0  0  0  -1  1 

1  0  0  V/D  0 


The  vercical  accelerations  of  the  target,  and  those  commanded  by  the  attacker 
are  respectively 


G.^(t)  »  -  •  +  1 


(7a) 


G.(t)  =  ^  •  x,(t)  +  1 


The  constants  are 


=  11 


V  ==  1000  ft/sec  D  =  1000  ft. 


g  =  32.2  ft/sec" 
-I 


M  *  -7.63  sec 

q 


M  =  -20.66  soc 
a 

Z  *  -2.2/  sec 
a 


-I 


A  typical  G  time  history,  used  in  the  present  .VMRL  studies  is  shown  in  Fig. 
T 


TYPICAL  G,  TIME-HISTORY 


The  internal  model  para^ters^were  set  nominal  value  of  o 


PILOT  MODEL  REVISION  AND  RESULTS 


r3r:t  -r/s:  s  - = 

-  \  _ 


(:■:,  =  q-)  as 

1  -t 


rather  Chan 


Xj^(t)  =•  -JiCc)  x^(c)  +  zjt) 


i^(t)  *  z(t). 


/  \  j.  if'pi  V  fel  = fO  (t)  +  a(t)  G_vt)]  (10) 
2^(t)  *  z(t)  +  a(t)  ,,  .'■-r'-  '  T 


Using  -.ilia  apptJanh  ue  not.  th.  (ollo»t»8  f*«s 


i  £?„ornu«  :Lod.i  .,.ocion  .saoci,t.4 

with  this  state, 

/  X  4-  “('r'i  •  ^(c)  -  white  noise  (11) 

X  (t)  =  ,  -vt.; 

The  carqec  motion  is  ''■’irreflecL°S''pursuer’s  uncertainty  in 

'Jh"’!  ‘<3'  -  " 

Qi(t)  +  a(t)  “  X(Gt)  ' 


where 


MiO.)  =  3 


The  resulting  ®°‘?®^"'^®*'^^”(g!”tresrand^no  ^stress)  are  shown  in  Figures 
dvnamic.  and  static-G  cas  are  excellent  through  the  transient  G 

3:.4,  respectively.  ^f^^r^^eters  have  been  used  for  the  basic  OCM  re- 

Konsrprrrerer;;  STnlv^Suge  between  static  and  dynamic  cases  as 

|.33  static  (14; 

1-*  |,97  dynamic 
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CONCLUDING  REMARKS 


A  preliminary  modeling  work  in  the  area  of  air-to-air  tracking  task  has 
been  conducted  and  the  initial  results  have  been  extremely  encouraging.  How¬ 
ever,  further  research  is  needed,  and  is  presently  continuing,  to  interpret 
these  results  and  to  match  the  standard  deviation  data. 

For  modeling  work,  a  major  concern  is  involved  with  the  OCM  internal 
parameters  and  their  dependence  on  and  G^  levels.  A  set  of  nev;  exper¬ 
iments  will  be  conducted  in  the  near  future  to  enhance  the  observations  of 
this  dependence. 

Also,  the^ present  model  formulation  does  not  Include  any  motion-derived 
cues  as  or  Gg^it  merely  regards  these  quantities  as  external  stressors, 
and  neglects  any  useful  motion  cues  that  they  may  provide.  It  is  the  feeling 
of  the  authors  that  this  aspect  of  modeling  work  need  to  be  considered  in  any 
future  modeling  efforts. 
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*Systems  Research  Laboratories,  Inc. 
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SUMMARY 


The  Luenberger  observer  theory  is  used  to  develop  a  predictive  model 
of  a  gunner’s  tracking  response  in  antiaircraft  artillery  0\AA)  systems. 
?his  S!  is  compose?  of  an  observer,  a  feedback  controller  and  a  remnant 
hlLnt.  .^n  important  feature  of  the  model  is  that  the  structure  is 
simple  hence  a  computer  simulation  requires  only  a  short  execution  time. 

A  p?r?;et??  identification  program  based  on  the  least  squares  curve 
fitting  method  and  the  Gauss  Newton  gradient  algorithm  is  developed  to 
determine  the  parameter  values  of  the  gunner  model.  Thus,  a  systematic 
procedure  exists  for  identifying  model  parameters  for  a  S^^en  antiaircra 
tracking  task.  Model  predictions  of  tracking  errors  are  compared  with 
human  tracking  data  obtained  from  manned  AA:\  simulation 

conducted  at  the  Aerospace  Medical  Researcu  .aboratur, ,  hr i»ht  PattcroO 
AFB,  Ohio.  Model  predictions  are  in  excellent  agreement  with  the 
empirical  data  for  several  flyby  and  maneuvering  target  trajectories. 


INTRODL’CTIOM 


A  svstematic  study  of  threat  effectiveness  for  antiaircraft  a-tillery 
(,UA)  systems  requires  the  development  of  a  mathematical  model  for  the 
runner’s  tracking  response.  The  gunner  model  is  ° 

computer  simulation  programs  as  shown  in  reterence  1  for  predicting 
?ir???f?  Attrition  with  respect  to  specific  antiaircraft  weapon  systems. 

Two  of  the  fundamental  design  requirements  of  a  gunner 

in  model  structure  and  accuracy  in  the  tracking  error  predictions.  A 

simple  gunner  model  structure  will  shorten  computer 

tZl  Obviously,  accurate  predictions  of  tracking  error  implies  model 
fldeiitv  with  respect  to  describing  the  gunner’s  tracking  perforaance. 

Then,  the  manned  threat  quantification  in  the  threat  analysis  will  be 

reliable. 
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An  antiaircraft  gunner  model  based  on  the  Luenberger  observer 
theory  in  references  2,  3  and  4,  is  developed  in  this  paper.  It 
satisfies  both  the  design  requirements  mentioned  above.  The  structure  of 
the  model  is  simple  and  its  predictions  of  tracking  errors  are  accurate. 

It  is  composed  of  three  main  parts  -  an  observer,  a  feedback  controller, 
and  a  remnant  element.  An  observer  is  itself  a  dynamic  system  whose  out¬ 
put  can  be  used  as  an  estimate  of  the  state  of  a  given  system.  The 
simplicity  of  the  observer  design  makes  the  observer  an  attractive  design 
method.  The  estimated  state  is  then  used  to  implement  a  linear  state 
variable  feedback  controller  which  represents  the  gunner's  control 
function  in  the  compensatory  tracking  task.  The  effects  of  all  the 
randomness  sources  due  to  human  psychophysical  limitations  and  of 
modelling  errors  are  lumped  into  one  random  remnant  element  in  this  model 
design.  Another  important  feature  of  this  model  is  that  its  parameters 
can  be  determined  systematically  instead  of  by  trial-and-error .  A 
parameter  iJentif icat ion  program  based  on  the  least  squares  curve-fitting 
method  in  reference  5  and  the  Gauss-Newton  gradient  algorithm  in  reference 
6  is  developed  for  c’nis  purpose.  This  program  iteratively  adjusts  the 
parameter  values  to  minimize  the  least  squares  error  between  the  model 
prediction  of  tracking  error  and  actual  human  tracking  data  obtained  from 
manned  AAA  simulation  experiments  conducted  at  the  Aerospace  Medical 
Research  Laboratory,  vvPAFB,  Ohio.  Thus,  it  provides  a  convenient 
procedure  for  model  validation.  In  addition,  a  computer  simulation 
program  is  developed  with  the  designed  model  describing  the  gunner’s 
response  for  a  given  ;VAA  tracking  task.  The  program  provides  time 
functions  of  the  ensemble  mean  and  standard  deviation  for  the  model’s 
tracking  error  predictions  (azimuth  and  elevation).  Computer  simulation 
results  are  in  excellent  agreement  with  the  emDirIcal  data  for  several 
aircraft  fl>by  and  maneuvering  trajectories.  This  verifies  that  the  model 
can  predict  tracking  errors  accurately  and  thus  is  a  reliable  description 
of  the  gunner’s  compensatory  tracking  characteristics. 

A  comparison  between  this  model  and  the  optimal  control  model 
in  references  7,  3  and  9  (by  Kleinman,  Baron,  Levison)  is  also  given. 

It  can  be  shown  that  the  model  based  on  observer  theory  is  as  accurate  as 
the  optimal  control  model  in  predicting  tracking  errors.  In  addition, 
the  computer  execution  time  of  the  AAA  closed  loop  system  simulation 
utilizing  this  model  is  less  than  15%  of  that  using  the  optimal  control 
model.  This  is  a  primary  advantage  of  a  model  with  simple  structure. 


DESCRIPTION  OF  AN  AAA  GUN  SYSTEM 


The  tracking  task  of  an  antiaircraft  artillery  (AAA)  gun  system 
can  be  described  by  a  closed  loop  (single  axis  tracking  loop)  block 
diagram  as  shown  in  figure  1.  Two  gunners,  one  each  for  azimuth  and 
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elevation  axes,  play  the  role  of  controller  in  this  man-machine  feedback 
control  svstea!  From  his  visual  display,  each  gunner  observes  the  tracking 
error,  ex  (one  for  azimuth  error  and  the  other  for  elevation  error),  which 
is  the  difference  between  the  target  position  angle  9x  and  the  gunsight  line 
angle  0„.  Independently,  the  gunners  operated  the  hand  crank  to  control  the 
gursight  svstem  in  order  to  align  the  gunsight  line  angle  (output)  with  the 
target  position  angle  (input).  Therefore,  the  azimuth  tracking  task  is  de¬ 
coupled  from  the  elevation  tracking  task  in  this  AAA  system. 


FlCOUt  l:  »LOCK  OIACRAM  OF  THE  AAA  CIOSB)  LOO?  SYSTEM 


The  purpose  of  this  paper  is  to  develop  a  mathematical  model  of  the 
response  characteristics  of  a  gunner  in  a  compensatory  tracking  task.  There¬ 
fore,  in  the  following,  we  first  describe  the  mathematical  representation  of 
the  gunsight  and  rate-aided  control  dynamics  (the  gunsight  system)  and  the 
target  trajectories.  In  this  paper  the  transfer  function  of  the  gunsight 
system  considered  is: 

®  (s)  1 

®  .  (1) 


U(s)  s 

for  the  azimuth  angle  tracking  as  well  as  the  elevation  angle  tracking. 

(0  (s)  and  U(s)  are  Che  Laplace  transforms  of  6gvt)  and  u(C)  respectively.) 

It  can  be  shown  that  this  transfer  function  is  a  valid  representation  of 
oany  practical  gunsight  systems.  Several  flyby  and  maneuvering  trajectories 
in  reference  10  of  the  target  aircraft  of  45  seconds  duration  were  selected 
as  input  to  the  A.AA  system  of  figure  1.  These  trajectories  are  deterministic 
functions  of  time.  (But  their  dynamic  properties  g-j.  etc.,  are  not  knotvn 
precisely  to  trackers.  The  state  space  equation  of  Che  gunsight  system  and 
the  target  motion  can  be  derived  as  follows. 

X  =  Ax  +  Bu  +  F0X 

where  x  denotes  the  state  vector  having  two  components. 
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X  “ 


*2 

and  A,  B,  and  F  matrices  are 


r  “1 

r  1 

^11 

^12 

3S 

0 

1 

^21 

^22 

0 

0 

L  J 

L 

®T  - 

«T 


and  the  scalars  u  and  6^  denote  the  control  from  the  AAA  gunner  and  the 


target  acceleration.  The  tracking  error  e^  on  the  visual  display  is 
obser'/ed  bv  the  gunner  and  is  expressed  in  the  measurement  efjuationt 


y  =  Cx 


(3) 


where  y  is  the  observed  tracking  error  and  C  is  a  row  vector  [1  0]. 
Equations  (2)  and  (3)  will  be  used  in  the  next  section  to  develop  an 

gunner  model. 


AAA  GUNNER  MODEL 


This  section  presents  a  mathematical  model  of  an  antiaircraft  gunner  in 
the  compensatory  tracking  task.  The  main  design  requirements  for 
developing  this  model  are: 

.  accurate  model  prediction  of  tracking  errors 

•  simple  model  structure 

•  systematic  determination  of  model  parameters 

In  this  paper,  the  Luenberger  reduced  order  observer  theory  has  been 
applied  to  design  the  gunner  model  which  satisfies  the  above  design 
requirements.  Figure  2  shows  the  block  diagram  of  this  model  consisting 
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am  CUNNER  MDOEt 


riCURE  2:  BWCK  OtRCRAM  Of  THE  STRUCTURE  OP  THE  MA  GUNNER  MODEL 


of  threo  inain  eloinentsi  observer »  controller,  and  reuinant  •  The  first 
element  is  a  reduced-order  observer  which  processes  the  gunner’s 
observation  from  the  visual  display  to  provide  an  estimate  of  the  states 
of  the  AAA  system.  It  will  be  shown  that  the  system  equation  (2)  is  a 
2nd  order  system,  but  the  reduced-order  observer  is  only  of  the  first 
order.  Sine  ;  some  components  of  the  state  as  given  by  the  system  outputs 
are  already  available  by  direct  measurement.  The  estimation  of  these 
components  of  the  state  is  not  necessary  and  will  cause  a  certain  degree 
of  redundancy.  The  use  of  a  reduced-order  observer  eliminates  this 
redundancy  and  still  provides  sufficient  information  to  reconstruct  (or 
estimate)  the  state  of  the  observed  system.  The  controller  represents 
the  gunner’s  tracking  function  by  an  estimated-state  linear  feedback^ 
control  law.  The  observer  and  the  controller  consists  of  the  deterministic 
part  of  the  gunner  model.  The  effects  of  the  various  randomness  sources 
in  the  AAA  man-machine  closed  loop  system  and  of  the  modelling  errors 
are  lumped  into  one  ‘element  called  remnant  which  is  the  st.>chastic  part 
of  the  gunner  model.  These  randomness  'Sources  include  the  modelling  error, 
the  observation  error,  the  neuromotor  noise,  etc.  Mathematical  equations 
of  this  model  are  given  below. 


Model  Equations 

System  equations  (2)  and  (3)  are  used  in  the  design  of  the  gunner 
model.  However,  the  gunner  doesn’t  have  the  precise  information,  about  the 
target  dynamics,  so  the  term  representing  target  acceleration,  0j,  in 
Eq.  (2)  will  not  be  included  in  the  design  ot  tne  observer  equation. 

The  effect  on  the  tracking  error  duo  to  t\w  miHU-Iling  error  of  the  gunner’s 
uncertainty  about  target  dynamics  will  be  inrliKt.-d  in  the  remnant  element. 
Now  from  Eq.  (3), 


the  tracking  error  is  available  t  rem  direct  :>'  rvation.  Thus,  it  is  only 

necessary  to  estimate  the  second  cemr-nont  -t  liu-  state  vector  x  in 

order  to  implement  a  state  variable  feedback  control  law.  5y  the 


h7 


reduced-order  Luenberger  observer  theory  in  reference  4,  an  estimate  X2 
of  the  state  variable  X2  can  be  obtained  by 


X. 


(322  ^2  ^^21  ■  *^'■'11'  ^  "c 


(4) 


where  a  and  b,  are  the  elements  of  matrices  A  and  B  in  Eq.  (2),  the 
scalar  k\s  the  observer  gain,  y  and  y  are  the  observed  tracking  error  and 
error  rate  respectively,  and  is  the  linear  feedback  control  law  (the 

controller)  with  the  form; 


“c  °  ~^"^1  ^2^ 


y 

-N 


wnero  the  feedback  control  gains  and  73  constants  deter¬ 

mined  in  reference  10.  Note  that  the  state  feedback  is  composed  of  y 
"  he  obLrvL  variable  which  is  x,)  and  X2  (the  estimated  state  of  X2  ). 
It  can  be  shown  that  the  system  (2)  and  (3)  is  completely  obse^able^ 
(■^he  definition  of  observability  and  the  concitions  of  a  s.-stem  to  be 
o^rervablfcL  be  found  in  reference  11).  Then,  by  the  observer  theory, 
there  alwavs  exists  an  observer  gain  k  to  make  the  eigenvalue  ^h 
observer  (Eq.  (4))  negative.  Thus,  the  output  of  the  ^server  will  be  a 
^ood  estimation  to  the  state  of  the  observed  system.  This  shows  the 
evistence  of  proper  observer  gain  k  in  Eq.  (4),  Actually,  the  value  o 
,,l\.„rver  <-ain  k  is  determined  by  a  curve-fitting  identification  program. 
The  required  differentiation  of  y  in  Equation  (4)  can  be  avoided  by 
introducing  the  following  variable; 

z(t)  =  X,  -ky(t) 


Hence  the  observer  dynamics  can  be  represented  by 
i 


(322  "  *^12^^  ^  ^"*22  ~  ’■'''12^*'^  ^'‘21  ■  ‘'‘"‘ll^'’  ^^*2  ■’'"^l^'‘c 


Next,  the  actual  output  of  this  model  is  expressed  as  the  sum  of  the 

-utDut  u  of  the  controller  and  the  remnant  element  v. 
c 


u  =*  u 


-[Y1Y2] 


+  V 


(5) 


(6) 


(7) 


where  the  remnant  term  v(t)  is  modeled  as  a  white  noise  and  its  statistical 
properties  are  selected  to  be 


f.  tv(t)]  =  0  for  all  t 

E  [v(t)  v(T)  ]  =  q(t)  6(t  -  T)  for  all  t  and  T  where 
E  is  the  expectation  operator.  5(t)  is  the  Dirac  delta  function  and  the 


(8) 


68 


covariance  function  q(t)  is  assumed  as  a  function  of  estimated  target 
dynamics , 

q(t)=  (t)  (9) 

v^'here  ct^,  and  are  three  nonnegative  constants  to  be  determined,  and 
estimated  target  angle  rate  and  acceleration  respectively. 


Equations  of  the  Closed-loop  AAA  System 


In  the  previous  section,  the  gunner  model  equations  of  the  observer, 
the  controller,  and  the  remnant  have  been  derived.  These  equations  are 
combined  with  system  equations  (2)  and  (3)  to  obtain  the  mathematical 
model  of  the  closed  loop  AAA  system.  Since  *  y,  Eqs,  (2)  and  (6)  can 
be  rewritten  as  follows: 


‘^21^’  ''^22’‘2  *^2“  ^2® 


2  T 


^  *  ^^22  ~  *'^^12^^  ^^22  ~  ^^21  ~  ''^ll^^  ^^2  ~  “c 


(10) 


U  =  U  +  V 

,  V  [1] 

5y  introducing  new  variables: 


^3  *  ^2  ~  ky 


and 


£q.  (10)  can  be  rewritten  as 
X  =  A^x  +  +  Dj^v 

vhere  X  is  the  state  vector  of  the  overall  system  with  components: 


r  1 

y 

1 

X  = 

"3 

1 

1 

e 

- 

L  ^  J 

(11) 


(12) 
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A.. 


II  +  a^^k  -  b,(Y^  +  k  Y,) 


^  =  (a,--ka 


ia22-ka^2)k+a2i-ka^ 

-(l>2-kb^)  (Y^+kY  ) 


-  •’i  >2 


S2*^^12-^b2-kbi)Y2  (b2-kb^)Y, 


^22  *  '‘S  -, 


b,  -  kb^ 


the  Para.:t':rr:i;oc°Lt'ed  LtUf  f  ^  to  deter.i.. 

in  Eqs.  (6).  (7)  and  (9)).  it  i,  i  '  '‘’  '’l’  ^2*  “l*  ^2’  S 

lcientifioacion^pJog?arba'''’J"  ""  ^iven ‘Lrsv^tL''  t'-echod 

nilnimi2ing  the  differen  the  paranecers  of  the*^*”  ^  authors, 

error  and  rhr-  ‘’^tween  the  -nodel  n^l!-  •  ^  “o^el  bv 

(mean  equation'anrjor*^-"^  empirical  data.  The'fjn"  ''*’®  ^''^‘^‘ting' 

program.  Lettlnrthr''^"^^®  equation)  are  used  in  th^"^  ^‘Juations 
Letting  the  expectation  value  o-'  X  bfy  .u  fit  ting 

J.  _  ..  ‘  A  ae  .X,  then  we  have, 

X  =  AX  +  F  9 
1  2  T 

a  .  (i3 

an  t  e  covariance  matrix  of  X  ftl  • 

t  can  be  shown  in  refer;nce  n'^hat'^^e'iv^linc’el^atrix 

P  =  AP  +  PAf...  T  etrix  IS  governed 

AjP  +  PAj  +  q(,)  j,  T 

Equations  (13)  /,/s 
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of  curve-ficcing  parameter 
table: 


identification  program  are  shovm  in  the  following 


: 

k 
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SIMULiVTION  RESULTS  AXD  DISCUSSION' 
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empirical  data  of  the  sample  ensemble  mean  for  azimuth  tracking  errors. 

The  corresponding  model  prediction  is  denoted  by  the  dotted  line  in  fig  3. 
There  is  an  excellent  match  between  these  two  curves.  Similar  comparison 
between  model  predictions  and  empirical  data  for  several  other  flyby  and 
maneuvering  target  trajectories  can  be  found  in  reference  10,  All  the 
simulation  results  show  that  this  gunner  model  with  the  same  parameter 
values  can  predict  accurately  the  tracking  errors  for  various  target 
trajectories  with  similar  frequency  band  widths.  Therefore,  it  is  a 
predictive  model.  The  values  of  the  model  paremeters  depends  on  the  gun^ 
sight  dynamic  system.  Furthermore,  this  model  is  adaptive  with  respect  to 
the  target  motion  and  this  adaptive  property  is  considered  in  the 
structure  of  the  covariance  function  (Eq,  (9))  of  the  remnant  element. 

A  comparison  of  the  model  prediction  accuracy  between  this  model 
and  the  optimal  control  model  in  reference  7  has  been  done  for  several 
target  trajectories.  All  the  results  show  chat  both  models  give  accurate 
predictions  of  cracking  errors.  A  typical  result  is  shown  in  fig.  4 
for  a  flyby  trajectory.  It  is  obvious  that  the  gunner  model  developed  in 

CUPIRICPU  ORTfl 
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model  with  simple  structure.  It  .un  be  performance 

based  on  observer  theory  is  very  useful  in  the  anal,s..-, 

of  the  -eU  gun  system. 


CONCLUSION 


The  L-.e-'’'e'--er  observer  theory  has  seen  applied  t  '  design  an 
antiai  eraf  in^r  model  which  is  composed  oi  a  - ----der  -se  v.r . 

:  .  '‘variable  feedback  controller  and  a  remnant 

Ughts  of  this  model  are  simple  in  the  structure  a:.„  -■  -t-  ^ 

model  prediction  of  tracking 

make  the  model  structure  simple  so  that  it  e.u  sUei.^ 
t-T.e.  It  has  also  been  shown  in  figures  3  and  •  a. 
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^;OD£LING  THE  HUMAN  AS  A  CONTROLLER  IN  A 
multitask  environment* 
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Department  of  Mechanical  and  Industrial  Eneineerinj^ 
Coordinated  Science  Laboratory 
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Urbana,  Illinois 

SUMMARY 


Modelinr  the  human  as  a  controller  of  slowly  respondin?  systems 
with  oreview  is  considered.  Along  with  control  tasks,  discrete  non-control 
ta«ks^occur  at  irreiular  intervals.  'In  multitask  situations  such  as  tnese, 
it  has  be»n  observed  that  humans  tend  to  apply  piecewise  constant  controls. 
It  is  believed  that  the  magnitude  of  controls  and  the 

they  remain  constant  are  dependent  directly  on  the  system  bandwidth,  --^lew 
disLnce,  complexity  of  the  trajectory  to  be  followec,  ana  nature  of  the 
non-control  tasks.  A  simole  heuristic  model  of  human  control  behavior  in 
t-is  situation  is  presented.  The.  results  of  a  simulation  stuay,  whose 
purpose  was  determination  of  the  sensitivity  of  the  model  to  its  parameters, 
are  discussed. 


INTRODUCTION 

Although  successful  operation  of  an  airliner  is  now  possible  from 
t='<<=-off  to  touchdown  with  minimum  involvement  of  the  human  pilot  UJ  he 
--ust  ’till  oerform,  various  routine  checks  in  the  course  of  a  ncrma^  .xivnt. 
In  addition,  even  when  flying  on  autopilot,  constant  monitoring 
i-’truments  is  necessary  to  detect  any  cut  of  tolerance  siena^s  and  a.t..crmal 
occurences  of  any  events.  Further,  malfunctions  or  ohanves  in  atmospheric 
conditions,  for  example,  might  require  that  the  pilot  take 

s^ice  course  chaneeS  that  are  different  from  the  preplanned  trajectory.  Thus, 
despite  advances  in  automation,  human  control  oi  aircra:t  is  ceruainiy  otili 
01  interest. 

nhen  the  hum^n  is  controlling  a  plant,  it  nas  been  observed  that 
tne  controls  applied  are  not  always  continuous.  Continuous  ccntroxs  are 
necessary  and  are  observed  when  the  time  constants  involved  are  rather  small 
=  'd  tn®  deviations  from  some  reference  trajectory  must  be  kept  within  some 
c’ose  tolerance.  But  when  the  time  constants  are  relatively  large,  it  is 
unnecessary  and  also  difficult  to  apoly  the  right  amount  of  continuous 
control.  For  slowly  responding  processes  it  is  often  sufficient  and 
de’i.’able  to  apply  step-like  controls  intermittently.  This  gives  M 
opportunity  to  observe  the  actual  behavior  of  the  system,  compare  it  with  the 

w  ihis  research  was  supported  by  the  National  Aeronautics  and  Space 
Acminist ration  under  NASA-Ames  Grant  NSG-2119* 
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preaicted  benavior,  and  taxe  corrective  action.  This  usually  prevails  in  a 
tracking  situation  where  a  certain  length  of  the  future  comrand  trajectory  is 
available,  along  with  tne  present  required  position,  Further,  applying  the 
step-like  controls  also  frees  tne  human  to  engage  in  hcn-control  tasks.  In 
tact,  this  xina  oi  oenavior  is  common  in  process  control  situations  anc  also 
nas  been  observed  in  simulations  of  a  flight  management  situation  [2],  [3j, 

when  preview  of  the  command  trajectory  for  a  certain  distance 
into  the  future  is  available,  it  is  likely  that  the  human  would  apoly 
step-like  controls  so  as  to  minimize  the  future  trajectory  deviations  rather 
tnan  instantaneous  deviations.  A  model  which  appears  reasonable  is  one  which 
updates  the  expected  deviations  of  the  cost  over  the  ler.gth  cf  the  previewed 
trajectory  and  uses  this  information  along  with  the  knowledge  that  it  ‘‘costs *• 
to  change  control  values.  The  cost  to  change  control  reflects  the  fact  that 
non -control  tasks  must  be  attended  to.  though  they  may  not  be  of  primary 
importance.  The  ••cost”  is  thus  cue  to  the  feeling  that  the  non-control  tasks 
would  -suffer”  if  attention  is  focused  away  from  them  and  on  the  primary  task 
alone.  This  cost  may  manifest  itself  as  a  tolerance  threshold  for  error 
oelow  wnich  no  action  is  taken.  A  measure  for  the  cost  of  not  attending  to 
the  subsystem  tasks  is  available  as  a  function  of  various  probabilities  and 
costs  for  delay  of  subsystem  tasxs  [h]. 


bACi^Grf0b4\D 

uf  tne  availaole  mcdels  for  manual  control,  the  ootimai  control 
model  would  appear  to  be  a  suitable  candidate,  however,  this  model  assumes 
that  control  remains  non-zero  at  all  times  whereas  in  an  intermittent  control 
situation,  conorol  is  ze.^o  for  a  significant  portion  ci  tne  time,  nence  tne 
mean  fraction  of  time  devotee  solely  to  control,  corresponding  to  hon-zerc 
control  intervals,  cannot  be  calculated  with  the  cptiTal  control  model.  For 
a  given  fraction  of  attention ,  the  conventional  optimal  control  model 
predicts  only  errors  ana  control  actions-  While  recent  versions  of 
the  model  do  yield  a  measure  of  attention  that  should  cctimaily  be  used  for 
monitoring  suosystems  tnat  dynamically  relate  to  the  control  task,  subsystem 
tasks  that  only  remotely  relate  to  the  aircraft’s  dynamic  resoonse  cannot  be 
considered.  rurther,  in  multitask  situations  the  optimal  control  model's 
performance  criterion,  which  minimizes  mean  squared  deviations,  may  not  be 
appropriate.  Finally,  these  approaches  do  not  yield  any  predictions  of  the 
solit  of  attention  between  centre!  and  non-control  tasks  or  atx?ut  the 
prooability  that  tne  human  is  involved  in  the  control  of  a  continuous  system 
at  any  particular  instant. 

The  numan  in  multitask  situations  has  been  rsodeled  by  Walden  and 
itouse  [3]  as  a  ’server*  in  a  queue  where  •customers*  are  the  control  and 
non -control  tasks.  The  customers  are  assumed  to  arrive  for  service  with 
exponentially  distributed  inter-arrival  times  (Poisson  arrivals.  )  iiervice 
times  are  urlang-k  distributed.  Seme  customers  have  a  higher  priority  ever 
others  (e.g.,  control  tasks  over  ncn-ccntrol  tasks.)  There  are  a  total  of 
customers  in  the  population  (total  number  of  possible  tasxs  the  human  may  be 
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called  upon  requSe  -ervice  simultaneously.)  This  situation 

worst  all  the  N  systems  require  ^  references  [5]  or  [6]  for 

can  be  modeled  as  „odel  predicts  the  fraction  of  time 

details  about  tne  "°''f  server  utilization).  The  emphasis  in  this 

Spent  in  each  type  of  tasx  (i.  •  ,  T^e  control  task  is  modeled  in 

model  is  on  the  ^  2  ^  time"  However,  measures  characterizing 

the  sense  that  pericr.rir^  it  consumes  time .  ..o  ’ 

control  performance  (i.e.,  RMS  errors)  are  not  available. 


AN  INITIAL  ICDLL 

some  success  has  teen  achieved  usinm  a  heuristic  ^0 

f'v  th  simD^i^ied  dynamics)  in  a  horizontal 

approach.  A  pie  le"<Tth  of  strai«ht  line  segments.  The 

distributed  random  variables  for  the  len?^-*  i -cm  nine  values 

magnitudes  for  angle  was  Mosen  randomly.  This 

T'^l-'of^  c.e4r/c'  bee-  i"  determining  the 

type  a'n-pie  matter  to  change  the  probability  districutions  of 

parameters.  It  is  a  -i^^pie^m^^t  ^i.^erent  conditions  could  be  easily 

^/arious  V-u-eci  that  the  aircraft  would  be  moving  forward  with 

tested.  1.  wa„  ^  corresponding  to  the  desirea 

constan^  speea.  ecuivalent  to  two  time  constants  ahead  of  the 

chan«  as  sanK  angle.  II..  dynaaias  ara  anown  in  ,i.ar.  1. 


+  2‘t'Jfn  S  +  Wn  j 


fi- Aileron  Angle 
0*Roll  Angie 
Yaw  Angie 


>p-Ang{e  between  velocity  vector  (Y!  and  Y  axis 


Rg  1  Simplified  Lateral  bynames 
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The  deviation  from  the  desired  position  was  constantly  monitored. 
A  perfect  internal  model  of  the  aircraft  was  assuruJd*  At  every  time  instant, 
the  model  calculated  the  future  positions  for  the  entire  preview  length 
assuming  that  the  roll  angle  would  be  zero.  At  any  point,  the  error  was 
calculated  as  the  deviation  from  the  commanded  position,  instead  of  the 
perpendicular  distance  to  the  map 

It  appears  reasonable  to  expect  that  the  importance  given  by  the 
human  operator  to  deviations  from  the  desired  trajectory  will  vary  along  the 
lengt^h  of  the  trajectory.  Deviations  at  the  current  time  cannot  be  corrected 
or  changed  significantly  due  to  the  slow  response  of  tne  system.  Also,  the 
expected  deviations  near  the  end  of  the  previewed  command  trajectory  need  not 
be  considered  immediately,  since  enough  time  will  be  available  in  the  future 
to  correct  these.  Further,  any  changes  "beyond  the  horizon**  that  would  come 
into  view  soon  can  reasonably  be  ignored.  Accordingly,  the  human  might 
weight  tne  mic -portion  of  tne  previewed  command  more  than  either  end.  Sc 
the  weighting  luncticn  for  errors  would  increase  to  a  maximum  (from  zero), 
about  one  time  constant  from  the  current  position^  and  decrease  again  to  a 
near  zero  value  at  the  enc  of  the  trajectory. 


TRAJCCTORIES  s  .  REFERENCE  - NOOEX. 

r  g  2  figsuits  •  Model 


Kieighted  error  is  squared  and  summed  over  the  preview  length.  If 
tnis  predicted  error  function  exceeds  a  certain  threshold,  ’aileron*  is  held 
at  a  maximum  value  until  maximum  bank  ar.gle  is  reached.  If  the  error  is 
within  the  threshold,  the  bank  angle  is  made  zero.  Constant  weights  on 
errors  were  used  for  the  simulation.  The  results  are  shown  in  Fi^rures  2  and 
0  and  appear  reasonable.  ihe  time  intervals  corresponding  to  non-zero 
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aileron  action  give  a  direct  measure  cf  fraction  of  time  required  for  control 
wcich  is  proposed  as  a  correlate  of  workload.  Although  the  human  must 
continuously  monitor  for  cumulative  error,  workload  due  to  this  is  assumed 
negligible  compared  to  the  workload  involved  in  control  where  he  must  watch 
the  effect  of  his  actions  roorf*  careful  Tv. 


F»9.3  Control  cna  Rou  Angie  r, story  for  a  C;v^n  Course  Cnange 


Simulation  experiments  were  conducted  usii. ,  ,  fractional 

iactorial  design  to  find  out  the  sensitive /relevant  parameters.  A  resolution 
VI  oesign  was  used  so  that  no  main  effect  or  two  factor  interaction  is 
conicunded  with  any  other  main  effect,  two  factor  interaction,  or  three 
factor  interactions  -  The  following  parameters  were  assumed  to  affect 
performance: 


1.  Dynamics  (  t  of  the  process), 

2  Average  arrival  rate  of  turns, 

3  standard  deviation 
of  course  changes 
Amount  cf  preview 

5-  weighting  function, 

6  ihreshold  on  cumulative 
weighted  error. 


r  s  1,5 
V/I=  3t,6T 


r  - 

'"p  - 
fiect. 


•  • 

10  .  50 
2r,ur 
Trian? . 


VS 


OY 


Low  High 


ri'iO  errors  and  the  fraction  of  time  spent  on  control  were  used  as  performance 
measures.  A  constant  function  (rectangular)  and  a  triangular  function  were 
used  for  weighting  on  errors-  for  other  parameters,  two  extreme  values  were 
cncsen,  to  obtain  a  total  of  52  different  conditions.  Expcsentf ally 
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aistributed  segment  lengths  and  normally  distributed  angles  of  turn  were  used 

for  the  map.  For  each  condition,  two  replications  wereVun.  The  results  are 
snown  in  Tables  1  and  II.  r-suxts  are 


Table  I 

Analysis  for  .RMS  Error 


Factor  Effect  Sun  of  DOF  F  Satio 
Squares 


1 

4-433 

314.409 

1 

131.037 

?  <  0.001 

2 

-0.671 

7-206 

1 

3.003 

3 

1.477 

34.887 

1 

14.540 

P  <  0.001 

4 

4.067 

267-247 

1 

111.331 

P  <  0-001 

5 

-1.397 

31  -219 

1 

13.0  n 

P  <  0.001 

6 

0.622 

6-138 

1 

2-579 

'2 

-0.266 

1.145 

1 

0.477 

13 

1  .106 

19.653 

1 

8-191 

r  <  0-01 

14 

4.174 

273.726 

1 

116 .165 

P  <  0-001 

15 

-G.:;66 

12.557 

1 

5.233 

P  <  0-05 

16 

-0.250 

1.004 

1 

0.418 

23 

-0.268 

*•325 

1 

0.552 

24 

0.049 

O.O30 

1 

0.016 

25 

0.335 

1.794 

1 

0.748 

26 

1-515 

27.676 

1 

11.535 

P  <  0.005 

34 

2.350 

1 

0.979 

35 

1 .295 

26.82^ 

1 

11.179 

P  <  0.005 

^  6 

0.197 

0-619 

1 

0.253 

45 

-0  -914 

13-364 

1 

5.570 

P  <  O’.  025 

‘♦6 

0.25O 

1-052 

1 

0.443 

56 

0.124 

0-246 

1 

0.102 

Average 

4  .192 

trror 

100.774 

42 

Total 

1150.313 

63 

U-Psriod,  2-iegment  Length.  3-Angle  of  Turn. 
^l-Preview  Length,  5-i*eight.  6-Threshcld) 
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Table  II 


Analysis  for  fraction  of  Attention 


factor  Effect  Sum  of  DC?  t  Ratio 
Squares 


1 

C-251 

0.856 

1 

33-221 

P 

<  0.001 

2 

-0-057 

0-051 

1 

1-999 

3 

0.017 

0.005 

1 

0.181 

4 

0.144 

0.331 

1 

12.837 

P 

<  0.001 

5 

-0.117 

C.218 

1 

0.468 

P 

<  0.01 

6 

-0.139 

0*511 

1 

12.064 

P 

<  0.005 

12 

0-004 

0.000 

1 

0.011 

13 

-0.018 

0.005 

1 

0.206 

14 

0.269 

1.156 

1 

44.965 

r 

<  0.001 

15 

0.000 

0.000 

1 

0.000 

16 

0.004 

0.000 

1 

O.OOfa 

23 

0.067 

0-072 

1 

2.783 

24 

0.030 

0.01^ 

1 

0-541 

25 

0-005 

0-000 

1 

0.017 

26 

0  060 

0.058 

1 

2-234 

3^ 

-0.074 

Q  ■  067 

1 

3-559 

,,  35 

0.047 

C.035 

1 

1.374 

36 

-0.043 

0.030 

1 

1.155 

45 

0-005 

0  000 

1 

0-014 

46 

0.048 

0.037 

1 

1-435 

55 

0.090 

0 .  129 

‘ 

5.011 

r* 

<  0-w5 

Average 

0-256 

arrer 

o 

oo 

42 

Total 

L-i47Q 

63 

( 1— Period »  2»^ei^in6nt 
4-Pr9view  Length  5 


Length*  P.rj^le  of  Turn, 
-weight,  6-Ihreshcld ) 


It  can  be  seen  that  period,  preview  length  and  their  interaction 
have  the  largest  effect  on  perfcrmcnce.  Different  weighting  functions  aiso 
affect  performance.  In  addition.  R-^S  error  is  affected  by  the  masnitude  of 
turns  and  various  interactions-  Fraction  of  time  spent  on  control  is 
affected  by  the  threshold.  Higher  threshold  values  reduce  this  fraction. 

Thoueh  the  interaction  of  mean  segment  length  and  threshold 
af^'ects  the  hF>S  error,  segment  ler.gth  alcne  does  not  affect  either  of  the 
oe-tormance  measures.  This  could  be  due  tc  the  constant  forward  speed  in  all 
ca^es  whereas  the  mean  segment  length  is  scaled  by  the  time  constant,  ror 
slower  process,  for  a  given  threshold  any  error  that  may  result  taKes  a 
ierser  time  to  reduce  to  zero-  iince  t.he  •vehicle-  would  stay  away  from  tne 
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trajectory  for  a  longer  time,  higher  RHS  error  results. 


:cr 

rne 

r€5p 

zut, 

tor 

cign 

resu 

a  11 

-UDjr 

ore 


,1  relatively  hign  workload  as  well  as  higr.er  r^S  error  is  cbse-ved 
117.1  ^  with  longer  preview.  Once  the  th.-eshold  Is  €xc»ed«d 

1-r  appropriate  a.mount  of  control.  However,  due  to  the  slow 

®''''®‘'  femains  near  the  t.oreshold  for  some  time. 
^  cnange  sign  as  new  points  come  i.nto  view,  and  mlzht  call 

.  different  control  action.  Due  to  longer  preview  the  e^or  chaSL 
^duite  frequently  resulting  in  increased  control  action  .  ms  a"ain 
error  remaining  near  the  tnreshox'.  Tnus,  be.havior  simiia^  to 
-t  cycle  results  which,  interestingly,  nas  teen  observed  when  naiS" 
.P^®=®sses.  Ihis  could  possitly  be  avoided  by  havi.n^ 
Hontr^or  actuated,  and  a  lower  threshold  bei;w 


CONCLUSIOhS 


-x'e'--e^tai‘=-‘'lil^  ^  tnis  wcrk  will  involve  cevelopme.nt  of  an 

-7' .-I ^  subjects.  r.c.n-control  tasks  w'll 

diuUitasx  environment.  Simple  arithmetic  tas's  -^ay 

J=..r;ru„. 


ai prci 
•-'ill  7 

wren 
ap  prca: 
w  c  r, 
r  el at  e ' 
rsalis* 
CuAI  1 
.’tc  re  r  ■: 


T  r-ursuec.  nr,  attempt  will  be  made  to  oa-='  -n-ri  ./i  ^ 

-a  lor  analysis  using  the  above  .methods,  wi t' 
r.ece3sa.ry.  Especially  interestin?  in  this 

It  .may  be  possible  to  formulate  7  V, 

.  r.€uri,ti=.M,«  wlB  ts.  a'caVtlcn'l. 

.  .w  .h=  prooiem  structure.  With  these  models  available 

-to  experiment  will  be  developed  usi.ng  the  General  Aviation  Trainer  ll 

ra'listir-  “  '  trcl  tasks  Jill  be  made 


In  summary,  a  simple  heuristic  mccei  for  mrtr.r,-'  c,  < 
presentee.  oLmulaticn  results  for  a  set  of  c-rc’' 
t.-a:ectories  were  given.  The  controller  part  assumes  interna 

determined  to  yield  intermittent  control  '  '^Th« 
.....  tne  preview  ler,gth  were  found  to  be  the  most  im-ortan 
=1.60 ....'.g  pertorma.nce.  Tnis  will  form  th“  ba‘'i'=  ^'-r  -'nine  w  ^  '^^®®terj 

wit.'-.  .-.u::a.’-,s.  Toe  model  win  ••e  *  *  7  yrs,posed  experiments 

°  ^  '"®  refined  to  take  i.nto  acocurt  t-he  re<=ii’t« 

alon?  with  a  dusuein/modei  foj 
.asKS.  to  model  the  overall  multitask  situation.  ^ 
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>  N79-155  96 


THE  INTERNAL  MODEL:  A  STUDY  OF  THE  RELATIVE  CONTRIBUTION 
OF  PROPRIOCEPTION  AND  VISUAL  INFORMATION  TO  FAILURE 
DETECTION  IN  DYNAMIC  SYSTEMS* 

By  Colin  Kessel  and  Christopher  D.  Wickens 
Department  of  Psychology,  University  of  Illinois 

SUMMARY 


The  development  cf  the  internal  model  as  it  pertains  to  the  detection  of 
step  changes  in  the  order  of  control  dynamics  is  investigated  for  two  modes, 
of  participation:  whether  the  subjects  are  actively  controlling  those  dy¬ 
namics  or  are  monitoring  an  autopilot  controlling  them.  A  transfer  of  train¬ 
ing  design  was  used  to  evaluate  the  relative  contribution  of  proprioception 
and  visual  information  to  the  overall  accuracy  cf  the  internal  model*  Six¬ 
teen  subjects  either  tracked  or  monitored  the  system  dynamics  as  a  2-dimen¬ 
sional  pursuit  display  under  single  task  conditions  and  concurrently  with  a 
**sub-crlticar*  tracking  task  at  two  difficulty  levels.  Detection  performance 
was  faster  and  more  accurate  in  the  manual  as  opposed  to  the  autopilot  mode. 
The  concurrent  tracking  task  produced  a  decrement  in  detection  performance  for 
all  conditions  though  this  was  more  marked  for  the  manual  mode.  The  develop¬ 
ment  of  an  internal  model  in  the  manual  mode  transferred  positively  to  the 
automatic  mode  producing  enhanced  detection  performance.  There  was  no  trans¬ 
fer  from  the  internal  model  developed  in  the  automatic  mode  to  the  manual 
mode . 


INTROTUCTION 


Over  the  past  few  years  there  has  been  a  great  deal  of  research  directed 
at  the  problem  of  determining  the  differences  between  operators  and  monitors 
of  dynamic  systems  (References  1-7).  While  the  conclusions  reached  by  these 
authors  do  not  always  coincide,  there  is  a  general  consensus  that  a  greater 
understanding  of  the  different  processes  operating  in  the  two  modes  of  parti¬ 
cipation  is  necessary  for  the  successful  integration  of  automated  systems  in 
the  workplace. 

We  have  provided  a  detailed  theoretical  analysis  of  the  processes  in¬ 
volved  in  the  two  modes  of  participation  (Reference  7).  Briefly,  this  anal¬ 
ysis  has  argued  that  one  way  In  which  the  differences  betveeu  modes  of  parti¬ 
cipation  can  be  studied  is  by  determining  the  relative  sensitivity  of  operators 
versus  monitors  in  a  failure  detection  task. 

^Thia  research  was  funded  by  the  Life  Sciences  Frograf",  Air  Force-Office  - 
of  Scientific  Research,  Contract  Number  F44620-76-C-0009.  Dr.  Alfred 
Fregly  was  the  scientific 


monitor  of  the  contract. 
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Three  attributes  were  identified  that  would  seemingly  facilitate  failure 
detection  in  the  controlling  mode:  (i)  a  smaller  variability  of  the  internal 
model  of  the  system;  (ii)  the  options  of  testing  hypotheses  about  the  nature 
of  the  dynamics  by  introducing  signals  into  the  system;  and  (iii)  a  greater 
number  of  information  channels  available  upon  which  to  base  failure  detection 
decisions.  It  was  recognised  however,  chat  this  latter  advantage  may  be  rolt- 
Igated  to  the  extent  that:  a)  adaptation  takes  place  reducing  the  strength 
of  visual  error  information  and,  b)  proprioceptive  sensitivity  is  less  chan 
visual. 

In  comparison  the  monitoring  mode  was  also  characterised  by  two  attri* 
bates  that  could  facilitate  detections:  a  greater  ’’strength”  of  the  visual 
signal  (if  adaptation  by  the  autopilot  dees  not  take  place)  and  a  lower 
level  of  operator  workload. 

The  study  conducted  (Reference  7)  to  test  the  above  theoretical  analysis 
found  that  detection  performance  in  the  manual  mode  was  faster  and  only 
slightly  less  accurate  than  the  autopilot  Tiode,  Furthermore  the  observed 
manual  superiority  was  attributed  to  the  additional  proprioceptive  informa¬ 
tion  resulting  from  opetator  control  adaptation  to  the  system  charge.  It 
Is  possible  that  some  contribution  to  manual  mode  superiority  in  our  prior 
study  resulted  from  the  g^' .*Cer  internal  model  consistency  in  that  node. 
However  this  hypothesis  was  assumed  to  be  doubtful  because  a  within  subjects 
design  was  employed,  so  that  the  same  subjects  participated  in  both  automatic 
and  manual  conditions.  Thus  the  Internal  model  developed  in  manual  condi¬ 
tions  would  presumably  be  available  to  facilitate  detection  in  the  automatic 
conditions  as  well. 

In  order  to  generate  a  greater  distinction  between  the  Internal  model 
employed  in  the  two  modes,  Che  present  study  employed  a  between  subject  de¬ 
sign  using  a  transfer  of  training  technique.  This  procedure  enables  an 
examination  of  the  development  of  internal  models,  in  the  two  modes  of  par- 
tlcipaclon,  and  subsequently  measures  their  impact  upon  transfer  to  the  other 
mode. 


It  was  hypothesized  that  this  technique  would  increase  the  differential 
perfonnance  in  detection  between  the  two  modes  of  participation  while  at  the 
same  time  demonstrating  that  the  internal  model  developed  in  the  manual  mode 
can  subsequently  be  utilized  to  facilitate  automatic  mode  failure  detection 
performance. 


METHOD 


Subjects : 

The  subjects  were  18  right-handed  male  university  students.  Subjects 
were  paid  a  base  race  of  $2.50  per  hour  but  could  increase  their  average 
pay  by  maintaining  a  high  level  Of  defection  performance. 


Appatatus: 

The  basic  experimencal  equipment  included  a  7.5  x  10  cm  Hewlett  Packard 
Model  1300  CRT  display,  a  spring-centered,  dual-axis  tracking  hand  control 
with  an  index-finger  trigger  operated  with  the  right  hand,  and  a  spring 
loaded  finger  controller  operated  with  the  left,  A  Raytheon  704  16-bit  dig¬ 
ital  computer  with  24k  memory  and  A/D,  D/A  Interfacing  was  used  both  to  gen¬ 
erate  inputs  to  the  tracking  display  and  to  process  responses  of  the  subject. 
The  subject  was  seated  on  a  chair  with  two  arm  rests,  one  for  the  tracking 
hand  controller  and  one  for  the  side-task  finger  controller.  The  subject's 
eyes  were  approximately  112  centimeters  from  the  CRT  display  so  that  the  dis¬ 
play  subtended  a  visual  angle  of  1,5®. 

Tracking  tasks.  The  primary  pursuit-tracking  task  required  the  subject 
to  match  the  position  of  a  cursor  with  that  of  a  target  which  followed  a 
semi-predictable  two-dimensional  path  across  the  display.  The  target's 
path  was  determined  by  the  summation  of  two  non-harmonica lly  related  sinus¬ 
oids  (.05  and  .08  Hz)  along  each  axis  with  a  phase  offset  between  the  axes. 

The  position  of  the  following  cursor  was  controlled  jointly  by  the  subject's 
Control  response  and  by  a  band-limited  forcing  function  with  a  cutoff  fre¬ 
quency  of  .32  Hz  for  both  axes.  Thus  the  two  inputs  to  the  system  were  well 
differentiated  in  terms  of  predictability,  bandwidth,  and  locus  of  effect 
(target  vs.  cursor).  The  control  dynamics  of  the  tracking  task  were  of  the  • 
form  _  l-g  ^  tt  for  each  axis,  where  a  was  the  variable 

*c  s  s2 

parameter  used  to  introduce  changes  in  the  system  dynamics.  These  changes 
or  simulated  failures,'  were  introduced  by  step  changes  in  the  acceleration* 
constant  OE  from  a  normal  value  of  .3,  a  mixed  velocity  and  acceleration  sys¬ 
tem,  to  a  “  .9,  a  system  that  approximates  pure  second  order  dynamics  that 
requires  the  operator  to  generate  considerable  lead  in  order  to  maintain 
stable  performance. 


As  the  loading  task,  the  Critical  Task  (Reference  8)  was  employed. 

This  was  displayed  horizontally  in  the  center  of  the  screen  and  required  the 
subject  to  apply  force  to  the  finger  control  in  a  left-right  direction  to 
maintain  the  unstable  error  cursor  centered  on  the  display.  The  value  of 
the  instability  constant  X  in  the  dynamics  k  X _  was  set  at  a 


constant  subcritlcal  value, 
different  dual  task  trials. 


c  s  -  X 

Two  values  (>=  0,5  and  X“  1.0)  were  employed  on 


Experimental  Design  and  Task; 

Three  groups  were  used  in  the  transfer  of  training  design  (see  Figure  1). 
Group  one  transferred  from  manual  (MA_)  on  session  one  to  automatic  (AU  )  on 
session  two;  group  two  transferred  frOT  automatic  (AU^)  to  manual  (MA  5^whlle 
group  three  was  the  control  group  for  the  automatic  condition  and  monllored 
in  the  automatic  mode  in  both  sessions  (AU  and  AU  ).  The  control 
group  for  the  manual  group  (MA  )  was  MA  .^'‘Me  variofiS 'g^oup  comparisons 
are  represented  in  Figure  1  by  arrows  and  will  be  referred  to  at  greater 
length  in  the  results  section. 
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Each  group  participated  in  six 
consecutive  days  of  data  collection. 

These  were  divided  into  two  sessions; 

3  days  in  each  session  with  each  ses¬ 
sion  comprising  1  training  day  and 
two  experimental  days.  Subjects  in  , 

group  one  for  example  participated  in  dual  task  i 
3  manual  (MA  )  sessions  and  then  trans¬ 
ferred  to  3  automatic  sessions. 


In  the  manual  (MA)  condition  the  croup  2 
subject  performed  the  tracking  manually  dual  task  j 
while  in  the  autopilot  (AU)  condition, 
his  role  in  the  control  loop  was  re¬ 
placed  by  simulated  autopilot  control 
dynamics  consisting  of  pure  gain,  ef-  1 

fective  time  delay,  and  a  small  added 
remnant.  Each  trial,  MA  or  AU,  lasted 
150  seconds.  Figure  1: 


I  SESSION  n 

(DAV‘:.  .-5)  (DAYS  ^-6) 


Experimental  design  and 
group  comparisons 


Training  Day;  The  training  day 

was  designed  to  give  the  subject  maximum  experience  and  practice  with  the 
system.  Subjects  therefore  received  extensive  practice  tracking  (or  moni¬ 
toring)  with  both  prefailure  and  postfailure  dynamics.  Following  this, 
they  observed  and  then  detected  the  step  changes  in  dynamics.  Practice  with 
the  critical  side  task  was  also  included. 


The  presentation  of  the  failure  was  generated  by  an  algorithm  that  as¬ 
sured  random  intervals  between  presentations  and  allowed  the  subject  suffi¬ 
cient  time  Co  establish  baseline  tracking  performance  before  the  onset  of 
the  next  change.  Task  logic  also  ensured  that  changes  would  only  be  intro¬ 
duced  when  system  error  was  below  a  criterion  value.  In  the  absence  of  this 
precaution,  changes  would  sometimes  Introduce  obvious  "jumps”  in  cursor 
position. 

During  the  detection  trials,  the  detection  decision  was  recorded  by 
pressing  the  trigger  on  the  control  stick.  This  response  presented  a  "T”  on 
the  screen  and  returned  the  system  to  normal  operating  conditions  of  the  pre 
failure  dynamics.  If  Che  subject  failed  to  detect  the  change,  the  system  re 
turned  to  normal  after  six  seconds  via  a  A  second  ramp.  On  the  basis  of  pre 
test  data,  it  was  assumed  Chat  six  seconds  was  the  interval  within  which 
overt  responses  would  correspond  to  detected  failures  and  not  false  alarms. 
The  subjects  were  told  to  detect  as  many  changes  as  possible  as  quickly  as 
possible. 

Experimental  Days:  The  training  day  was  followed  by  two  consecutive 
experimental  days.  After  four  refresher  trials  in  the  AU  or  MA  modes  (de¬ 
pending  upon  the  condition)  with  the  side  task,  and  a  number  of  demonstrated 
failures,  the  subjects  performed  15  experimental  trials:  5  single  task, 
tracking  (or  monitoring)  only;  5  tracking  with  the  easy  critical  task 
(X*  0,5);  and  5  tracking  with  the  difficult  critical  task  (X®  1,0),  The 
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order  of  presentation  was  randomized.  Each  trial  contained  an  average  of  5 
failures  per  trial  with  a  range  of  4  to  6. 

The  subject  was  instructed  to  "do  the  side  task  as  efficiently  and  accur 
ately  as  possible,"  and  told  to  maintain  that  task  at  a  standard  level  of  per 
formance.  After  each  trial  the  subject  received  feedback  about  both  his  side 
task  and  detection  performance.  The  instructions,  feedback  and  payoff  sche¬ 
dule,  therefore,  clearly  defined  the  side  task  as  the  loading  task  while  al¬ 
lowing  the  tracking  and  detection  tasks  to  fluctuate  in  response  to  covert 
changes  in  available  attentional  resources  (Reference  9). 

ANALYSIS 


Detection  performance  was  assessed  in  terms  of  the  accuracy  and  latency 
of  responses.  In  computing  the  accuracy  measure,  signal  detection  theory 
analysis  based  upon  the  method  of  free  response  was  employed  (Reference  10). 
This  technique  accounts  for  the  presence  of  hits  and  false  alarms  in  the 
data;  and  the  semi  random  occurance  of  failures  within  a  trial.  The  area 
under  the  ROC  curve  (AfROC])  was  employed  as  the  final  accuracy  measure  (Ref¬ 
erence  11).  Further  details  of  this  analysis  procedure  may  be  found  in 
Wickens  and  Kessel  (Reference  7,  12). 

The  A(ROC)  measure  and  the  latency  measure  were  then  plotted  in  the  form 
of  a  joint  speed-accuracy  measure  depicted  in  Figure  2,  "Good"  performance 
is  represented  by  points  lying  on  the  upper  left,  in  the  region  of  fast  ac¬ 
curate  response.  Performance  was  quantified  by  projecting  the  point  locus 
obtained  onto  the  positive  diagonal  performance  axis.  The  performance  scale 
is  computed  as  (10  tines  A[R0C]  -  lATENCY)  and  will  be  called  the  "derived 
performance  score."  This  procedure  pro¬ 
duces  a  performance  index  that  ranges 
from  0  for  chance  level  of  accuracy  with 
a  latency  of  5"  to  10.0  for  perfect  de¬ 
tection  with  0  second  reaction  time. 

The  units  assigned  to  this  performance 
index  are  somewhat  arbitrary  but  are 
based  on  the  observation  that  the  over¬ 
all  variability  (standard  deviation)  of 
the  raw  latency  scores  were  found  to  be 
roughly  10  times  the  variability  of  the 
A (ROC)  measure. 

RESULTS 


Averages  and  standard  deviations 
were  computed  for  the  accuracy  (A[R0C]), 
the  latency  and  the  derived  performance 
measures  following  the  rational  and  the 
procedures  outlined  in  the  preceding 
section.  '  "" " 


Figure  2:  Speed-accuracy  repre¬ 
sentation  of  detection 
performance 
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The  group  averages  for  all  three  measures  are  presented  graphically  in 
Figures  3  and  4,  Figure  3  represents  Che  results  for  the  single  task  con* 
dition  while  Figure  4  represents  the  dual  task,  workload  condition  collapsed 
over  both  levels  of  dual  task  difficulty  (the  rationale  for  this  procedure 
is  discussed  below).  The  symbols  in  Figures  3  and  4  represent  the  group  re¬ 
sults  in  the  speed-accuracy  space,  while  the  arrows  and  labels  depict  the 
derived  performance  scores  for  the  various  groups  along  the  performance  axis. 
In  figures  5,  6,  and  7  the  experimental  groups  are  plotted  with  the  average 
derived  performance  score  on  the  Y-axis. 

The  presentation  of  the  results  of  the  detection  of  failures  will  be 
divided  into  three  sections.  The  first  presents  the  results  for  each  mode  of 
participation,  and  represents  a  replication  of  the  Wickens  and  Kessel  (Refer¬ 
ence  7)  study  with  the  between  subjects  design,  the  second  examines  the  re¬ 
sults  of  the  loading  task,  while  the  third  reports  the  results  of  the  trans- 
-  fer  of  training  experiment.  Group  differences  were  analyzed  by  means  of  a 
3 -way  Analysis  of  Variance -ANOVA  (groups  x  dual  task  x  experimental  days). 


Figure  3:  Effect  of  participatary  mode  and  experimental  condition 
on  detection  performance -Single  Task 
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Detection  performance  as  a  function  of  experimental  condition 


.CT 


CASV 

OUAt  TASK 
fCT,  ) 


OpMiCulT 

Dual  task 

<CT,J 


Figure  7:  Effect  of  dual  task  on 
detection  performance 
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Figure  8:  Effects  of  dual  tasi 
on  manual  trackiug 
and  critical  task 
parfonnance 
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all  MA  superiority  remains  ,  lU  H 

statistically  reliable  (F^^iq  “  *  ’ 

(b-v  critical  Task 

The  inpact  of  the  ttitical  tra.hing  M.h  My  M 
fecced  deceecion  (Figure  8).  From  Figure  7,  it  is 

performance  of  the  ^  produced  a  decrement  in  detection. 

evident  that  the  intro  u  in  the  MA  mode  was  somewhat  more  pro- 

As  might  be  expected,  the  decrement  in  the  W  m  ^ 

nounced.  While  equivalent  to  the  decrement  of  both 

stantial  decrement  !aU  '^and  the  MA„-AU  .  analyses,  task  load- 

the  MA  groups.  For  both  th  Xhieleffect  (F,  H  *  5:60,  p  <  .05;  F_ 
ing  showed  a  statistically  re  ,v-„id  be  noteS  however  that  the  ptlmary 
sis,  P  <  .025  'VirtL  inMMuction  of  th.  crltual  task, 

impact  of  this  effect  is  Jf^culty  level,  a  point  born  out  by  fur- 

end  not  with  the  increase  in  its  ^f  the  two  dual  task  con- 

S'tUrMrSrjrtSdMioJ  for  collapsing  detection  perfomance  over  th. 

two  conditions  in  further  analysis.) 

let  ^b»t  the  critical  task  had  a  clear  influence  on  MA 
Figure  8  reveals  that  introduction,  and  with  the  increasing  dif 

tracking  performance,  ^  ^  ^  data  alonel  indicated  that 

ficult^  Analysis  perfor^d  ^  f  l/"  .1^5.97,  p  <  .001). 

the  effect  was  statistically  reliable  it2,20 

«  «wals  slight,  but  consistent,  decreases  in  critical 
Finally,  Figure  Result  of  increasing  >,.  These  increases 

tracking  P«’'«°™®"‘'%5^t5onirrellable  for  all  the  groups.  Since  the  sub- 
„ere  found  to  be  tical  task  as  a  loading  task  it  can  be  con- 

Jects  were  all  treating  divert  attentlonal  resources 

eluded  that  the  increase  in  X  race 
fr»  thrprlmary  tracking/detection  process. 
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task  difficulty  level. 
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From  Figures  3  through  7  it  can  be  seen  that  in  general  there  is  an 
overall  MA  superiority  over  MA  for  both  single  and  dual  task  conditions. 
However  the  ANOVA  failed  to  reveal  these  differences  to  be  statistically  re¬ 
liable.  Examination  of  the  data  on  a  day  by  day  basis  reveals  that  the  over¬ 
all  MAj-MA  difference  is  due  to  large  differences  that  exist  on  day  1  which 
appear  to  dissipate  completely  when  the  two  groups  are  compared  on  day  2  per¬ 
formance.  This  finding  can  be  seen  as  support  for  the  basic  hypothesis  that 
exposure  to  prior  AU  tracking  and  the  development  of  an  internal  model  based 
on  visual  cues  only,  produces  only  a  small  and  transient  facilitation  of 
subsequent  developfient  of  the  internal  model  based  on  MA  tracking. 

Automatic  Mode.  The  degree  of  transfer  resulting  from  prior  MA  train¬ 
ing  to  the  AU  mode  is  reflected  in  the  performance  of  subjects  in  condition 
AU  ,  and  the  comparison  of  this  performance  with  that  of  the  control  group 

Figures  5  and  6,  it  is  evident  that  the  latter  group 
failda  to  fiSAefit  at  all  from  prior  AU  training,  an  observation  supported  by 
the  lack  of  statistical  reliability  of  the  main  effect  when  AU  and  AU 
are  compared.  In  marked  contrast.  Figures  5  and  6  suggest  thaf^file  AU 
group  in  fact  showed  considerable  benefit  from  their  prior  MA  training ^hen 
their  performance  is  contrasted  with  that  of  the  AU  group.  In  Figure  5 
the  magnitude  of  this  effect  is  seen  to  be  considerably  larger  than  the^ef- 

fect  for  the  control  group  or  for  the  MA  -MA  contrast  discussed  in  the  ore- 
ceding  section.  i  ii  r 


The  statistical  reliability  of  this  improvement  on  the  single  task  data 
was  assessed  by  a  groups  (AUj  vs.  AU^^jx  days  (Day  1  vs.  Day  2)  2  x  2  ANOVA. 

Both  main  effects  were  statistically  reliable.  This  indicates  that  (a) 
both  groups  Improved  with  practice  (over  two  days)  in  their  respective  AU 
conditions  (F,  ^  p  <  .001).  (b)  More  crucially,  from  the  viewpoint 

of  the  hypothesis  under  investigation,  the  AU  group  performed  reliably 
better  than  did  the  AU  group  (F  -  5.19,  ^-<  .05).  It  is  of  course  pos¬ 
sible  to  argue  that  this  effect  Msulted  from  greater  exposure  to  and  fami¬ 
liarity  with  the  overall  experimental  environment  experienced  by  the  AU 
group  and  not  to  transfer  of  the  internal  model.  However  this  interpreiitlon 
appears  unlikely  because  the  control  group  failed  to  show  any  such  "general- 
ized”  transfer. 


We  can  conclude  that  there  is  a  transfer  from  MA  to  AU  The  AU  -AU 
differences  are  very  large  and  statistically  reliable  and  as  such  suiporP 
the  basic  hypothesis  that  while  there  are  different  sets  of  cues  operating 
the  MA  condition  produces  an  internal  model  of  the  system  that  can  be  util- 
ized  to  advantage  in  subsequent  automatic  monitoring. 


SUMMARY  AND  CONCLUSIONS 


The  major  results  can  be  summarized  as  follows: 

1)  Detection  of  step  increases  in  system  order  when  the  operator  remains 
in  the  control  loop  (MA  mode)  is  considerably  faster  and  more  accurate  than 


when  he  Is  removed  (AU  mode)*  This  finding  Is  consiscent  with  both  the  find* 
ings  of  Young  (Reference  2)  and  of  Wickens  and  Kessel  (Reference  7). 

2)  The  manual  mode  superiority  was  found  to  be  more  pronounced  in  this 
between  subject  design  than  the  previous  within  subject  study  (Reference  7). 
This  difference  can  be  attributed  to  the  fact  that  the  subjects  were  allowed 
to  develop  separate  internal  models  for  either  the  manual  or  the  automatic 
mode,  thereby  producing  models  tha;.  were  always  appropriate  for  the  mode  of 
participation  employed. 

What  is  interesting  in  contrasting  the  two  studies  is  the  fact  that  AU 
performance  is  virtually  identical.  The  effect  of  the  be tween-subjects  mani¬ 
pulation  instead  seems  to  have  been  to  produce  a  large  improvement  in  MA 
detection. 

This  result  suggests  that  in  the  previous  experiment  the  AU  internal 
model  was  developed  unhindered  by  the  concurrent  development  of  Che  MA  inter¬ 
nal  model  while  the  reverse  situation  did  not  hold.  It  would  appear  that 
the  development  of  the  MA  internal  model  in  the  previous  experiment  was  some¬ 
how  subject  to  interference  from  the  AU  model  development,  suggesting  that 
subjects  were  paying  attention  to  non- re levant,  visual  cues.  It  has  been  ar¬ 
gued  (Reference  7)  that  the  sensitivity  to  proprioceptive  information  is 
reduced  relative  to  visual  information  particularly  when  the  two  sources  arc 
available  at  the  same  time  and  are  conveying  conflicting  information  (Refer¬ 
ences  13,  14,  15).  In  the  AU  mode  the  subjects  have  only  visual  cues  as  in¬ 
formation  while  in  the  MA  mode  both  visual  and  proprioceptive  information 
is  available.  Thus  in  the  previous  study,  during  the  development  of  the  MA 
internal  models  there  were  times  when  these  cues  might  be  in  conflict  and 
subjects  tended  to  fall  back  on  the  visual  cues  learned  in  the  AU  mode.  This 
produced  an  over-emphasis  on  the  visual  cues  and  a  subsequent  degrading  of 
the  crucial  proprioceptive  information.  The  introduction  of  the  between  sub¬ 
ject  design  forced  subjects  to  develop  separate  internal  models  based  upon 
the  relevant  cues  available  within  each  conditlon--a  situation  that  has  en¬ 
hanced  the  MA-AU  differences  found  in  the  previous  experiment, 

3)  The  overall  MA  superiority  is  evident  in  both  single  and  dual  task 
conditions.  The  effect  of  adding  the  Critical  Task  was  to  reduce  the  overall 
detection  performance  via  a  reduction  in  the  accuracy  of  detections  and  an 
increase  in  response  latencies.  The  impact  of  the  second  task  was  more  marked 
for  the  MA  condition  than  the  AU  condition.  This  result  is  consistent  with 
the  fact  that  the  critical  tracking  task,  placing  heavy  demands  upon  the  sub¬ 
ject’s  response  mechanism,  produced  an  increase  in  interference  at  the  struc¬ 
tural,  motor  level  of  performance  in  the  MA  mode  that  was  not  present  in  the 
AU  mode  of  operation.  Increasing  the  difficulty  of  the  subcritical  loading 
task  appeared  to  have  little  effect  on  detection  performance  in  either  mode, 
although  it  did  serve  to  disrupt  tracking  performance, 

4)  An  analysis  of  ^he  transfer  of  training  experiment  shows  that  thare 
is  very  little  transfer  from  the  automatic  mode  to  the  manual  mode.  This  fact 
adds  further  weight  to  the  argument  that  the  development  of  the  internal  model 
for  Che  manual  mode  cannot  utilize  to  advantage  the  internal  model  developed 
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for  the  automatic  mode.  The  addition  of  the  proprioceptive  channels  and  the 
interactive  describing  function  in  the  manual  mode  appears  to  require  the  de¬ 
velopment  of  a  separate  and  unique  internal  model. 

5)  There  does  appear  to  be  positive  transfer  from  the  manual  mode  to 
the  automatic,  a  finding  that  supports  the  basic  hypothesis  outlined  above 
that  while  there  are  different  sets  of  cues  operating,  the  MA  mode  produces 
an  internal  model  of  the  system  that  can  be  utilized  to  advantage  in  subse¬ 
quent  automatic  monitoring. 

6)  Finally,  the  successful  transfer  from  manual  to  automatic  and  the 
lack  of  transfer  from  the  automatic  to  the  manual  modes  tends  to  add  weight 
to  the  basic  hypothesis  outlined  above.  This  hypothesis  states  that  the  in¬ 
ternal  models  developed  in  different  modes  of  participation  are  relatively 
independent  and  therefore  care  must  be  exercised  in  extrapolating  expected 
results  in  one  mode  of  participation  from  performance  in  the  other. 
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ABSTR.\CT 


Recent  interest  in  the  areas  of  modeling  the  effects  of  motion  on  human 
operators,  and  manual  control  of  low  bandxvidch  systems  has  led  to  the  need 
for  accurate  submodels  of  the  low  frequency  characteristics  of  the  Human 
Operator  (HO).  Unfortunately,  matching  low  freqtiency  human  response  data 
has  Deen  a  problem  with  almost  all  HO  models,  the  well  known  Optimal  Control 
Model  (OCM)  being  no  exception.  This  research  Is  an  attempt  to  better  under* 
stand  and  hopefully  eliminate  these  problems. 

In  this  paper,  properties  of  several  structural  variations  in  the  neuro* 
motor  interface  portion  of  the  OCM  are  investigated.  For  example,  it  is 
known  [1-2]  that  commanding  control-rate  introduces  an  open-loop  pole  at 
S=0  and  will  generate  low  frequency  phase  and  magnitude  characteristics 
similar  to  experimental  data.  However  this  gives  rise  to  unusually  high 
sensitivities  with  respect  to  motor  and  sensor  noise-ratios,  therebv  reducing 
trie  models'  predictive  capabilities.  Re lat ionships  for  different  motor  sub¬ 
models  are  discussed  to  show  sources  of  these  sensitivities.  The  models  in¬ 
vestigated  include  both  pseudo  motor-noise  and  actual  {system  driving)  motor- 
noise  characterizations.  The  effects  of  explicit  pr iprioceptive  feedback 
in  the  OCM  is  also  examined.  To  show  graph Lcallv  the  effects  of  each  sub- 
mv:)del  on  system  outputs,  sensitivity  studies  are  included,  and  compared  to 
data  obtained  from  [1-2]. 


INTRODUCTION 


Recently,  motion  studies  [2,3]  have  shown  the  major  effects  of  motion 
to  be  on  low  frequency  («  <  1  rad/sec)  HO  magnitude  and  phase  characteristics. 
This  means  chat  low  frequency  modeling  errors  present  in  the  baseline  im¬ 
plementation  of  the  OCM  must  be  minimized  if  the  effects  of  including  motion 
variables  are  to  be  felt.  It  is  known  [1,2]  that  changing  the  structure  of 
the  neuro-motor  interface  portion  of  the  OCM  will  give  the  desired  low  fre¬ 
quency  effects.  Specifically  if  the  HO  commands  control  rate  rather  than 
control,  Che  low  frequency  phase  drooping  occurs.  However,  in  order  to  match 
human  response  data  over  simple  vehicle  dynamics,  large  deviations  in  the 
motor  noise  ratios  were  needed  [2].  This  clearly  degrades  the  predictive 
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power  of  the  modeL.  In  this  paper  sub-modeis  developed  in  [1,21  will  be 
compared  from  a  sensitivity  point  of  view,  in  an  attempt  to  better  under¬ 
stand  the  limitations  of  each  approach. 


Problem  Formulation 


In  this  section  structural  changes  will  be  made  to  the  baseline  OCM 
(for  a  more  derailed  description  see  Levison  [2]).  A  general  form  will  be 
aeveloped  first,  with  specific  models  introduced  as  special  cases  to  it. 

In  the  development  which  follows,  r.he  time  delay  will  be  ignored  since  it 
has  little  bearing  on  our  discussion* 

The  system  being  controlled  is  described  by  the  state-space  equation 
X  =  Ax  +  Bu  +  Ew 

where : 


^  -  *'true*'  system  state 
u  =  ’’true**  control  input 

and  where  displayed  system  variables  are  given  bv 


V  =  Cx  +  Du 


(2) 


a  qua 


The  system  is  assumed  to  be  controlled  to  minimize  (in  steadv-state) 
adratic  cost  functional 


J  =  Q 


(3) 


.i.isec  on  the  (delayed  and)  noisy  Information  perceived  bv  the  HO.  this  In- 

tormation  is  assumed  to  consist  of  both  displayed  and  proprioceptive  vari- 
aoles,  i.e., 


V  -  Cx  +  Du  +  V 
'  P  y 


(4a) 


where: 


U  =  U  +  V 
P  U 


(4b) 


cov{v  } 
y 

covfv  } 
u 


V  +  p  Ely*'} 

y  y 

V  +  p  Elu^} 

u  u 


(5a) 

(5b) 


The  control  law  that  minimizes  J  is  given  by 

A  . 


u  =  -[L  L  1 

X  u 


where : 


X  =  human’s  best  internal  estimate  of  x 

U  =  fi 

u 


(6) 
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and  cvpicalLv  cov^v  •  f  cov  *'v.  - 
P  u 


The  pseudo  motor  noise  Vp  d-cs  not  act  as  a  driving  noise  to  the  svstem 
but  insteau  degrades  pertorraance  by  makiiii;  estimation  sub-optimal  [21. 

Implementing  tliese  changes  tives  rise  to  the  structure  shown  in  Fig,  1. 


FIG.l  REVISED  OPTIMAL  CONTROL  MODEL. 

lO'j 


Tiiu  particular  submodt.*ls  considered  in  tins  stndv  are  as  follows: 
Drlvini;  Noise  Models: 

n  .-ov'v  '  =  cov:v.‘  ,  i.c.,  optimal  i‘srimatioti  su-curs,  driving  motor 
r.i) ise^\'*qua I  to 

•  proprioceptive  information  available 
1)  Same  as  model  (1),  except  no  proprioceptive  information  available 

Pseudo  noise  models: 

>)  V.  =  0*  i.e.,  sub-optimal  estimation  occurs,  i)nly  pseudo  noise 

u 

present 

’  proTprioceptive  information  available 
■4)  Same  as  model  (3)  except  no  propr  iocept  ivo  information  available 

SUNStTIVITY  RESULTS 

Data  t rom  (l.d!  was  matched  using  each  ot  the  a t orement ioned  models* 
ihi  i  V  K/ S  and  K/S*‘''*’2  dyn/unii's  wore  considered.  'T'h.e  reader  is  referred  to 
the  sensitivity  studies  included  in  [1]  so  a  comparison  can  he  made  to  the 
baseline  model. 

K/S  Dynamics 


The  following  nominal  parameters  were  found  to  give  reasonable  matches 
to  the  dat<i*  and  will  be  used  as  a  basis  for  the  K/S  sensitivity  work. 

Ni>t  ice  tiiat  propr iocc-pt  i  ve  feedback  is  not  needed  ter  N/S  dynamics;  this 
agrees  witii  findings  in  [1,21.  Therefore,  for  K/il  d.vnamLcs  we  need  only 
consider  two  mt'dels,  driving  noise  and  pstuido  noise. 


.Vo  del. 

SNR 

SNR-u 

MNK 

TD 

rx 

I  3 

-20 

.... 

-40 

.  17 

.08 

2  4 

-20 

i 

-40 

.  17 

.08 

u 


MNR  =  a.  or  e 
u  p 

ID  =  .  ,  TN  =*  L  ' 
u 


It  was  found  that  the  trends  discussed  in  (I]  for  SNR,  TD  and  TN  were 
t!)e  same  for  all  the  models  considered.  The  only  exception  to  this  was  for 
the  driving  noise  models,  where  the  low  frequency  rt*mnant  curves  were  slight- 
Iv  nigher. 


Effects  of  MNR 


Krorn  Ric,.  2  it  is  clear  that  motor  noise  mainlv  affects  the  low  fre- 
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qiiency  portion  of  Che  magnitude,  phase  and  remnant  curves.  There  are  bas¬ 
ically  two  reasons  for  this.  First, the  shape  of  the  low  frequency  portion 
is  due  to  Che  integrator  at  the  motor  end  (where  in  the  baseline  OCM, 

W' (T^,S+1)  was  present).  Secondly,  the  sensitivity  is  due  to  the  degradation 
or  estimation  performance  as  the  motor  noise  is  increased.  Because  the  level 
of  the  driving  noise  is  so  low,  the  linear  part  of  the  HO  model  (Bode  plot) 
is  Che  same  whether  pseudo  noises  or  driving  noises  are  used.  Notice  that 
the  driving  noise  has  a  dominant  affect  only  on  the  low  frequency  remnant. 

All  scores  increase  with  increasing  motor  noise.  Scores  using  the 
pseudo  model  are  fairly  insens**  ive  to  motor  noise,  since  it  is  the  degraded 
estimation  which  causes  them  to  change.  Scores  using  the  driving  model  are 
much  more  sensitive  to  motor  noise,  since  increasing  the  motor  noise  in¬ 
creases  the  remnant  in  the  system. 


K/S**2  Dynamics 


The  following  is  the  nominal  parameter  set  found  for  K/S**2  dynamics. 


Model 

SNR 

SNR-u 

MNR 

TD 

TN 

1  &  3 

-20 

-25 

-40 

.21 

.1 

2  &  4 

i 

-20 

— 

-54 

.  21 

-1 

Here,  as  in  K/S  dynamics,  trends  discussed  in  fl]  for  SNR,  TD,  and  TN 
also  hold  for  our  revised  models.  Below  we  discuss  only  the  effects  of  MNR 
^  SNR  on  control. 


Effects  of 

No  Proprioceptive  Information  (models  2  &  4) 


Looking  at  Figure  3  it  is  clear  that  the  motor  noise  affects  the  low 
frequency  Bode  plots  in  a  manner  similar  to  chat  found  for  K/S  dynamics. 
Again,  more  remnant  power  is  shifted  to  the  low  frequencies  for  model  2  than 
for  model  4. 

Notice  that  model  4  matches  the  low  frequency  remnant  very  poorly  (this 
could  be  improved  slightly  by  increasing  the  noise  on  displayed  error)  and 
mav  be  interpreted  as  a  major  shortcoming  of  this  model  since  we  desire  a 
nominal  set  of  parameters. 
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FIG. 4  EFFECTS  OF  MNR  ON  K/S**2  DYNAMICS  (MODELS  1  &  3) 
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With  Propioceptive  Information  (Models  2  &  4) 


The  effects  of  including  proprioceptive  feedback  can  be  seen  by  compar¬ 
ing  Figs.  3  5,  4.  Again  remnant  is  higher  for  driving  motor  noises,  but  it 
is  spread  out  over  a  wider  band  of  frequencies.  This  mav  be  due  to  the 
circulation  of  remnant  in  the  feedback  loop.  Although  not  shown,  the  scores 
for  model  I  were  always  higher  and  more  sensitive  than  those  for  model  3, 
and  Seemed  to  match  the  data  better. 

•lot ice  that  tlie  sensitivity  of  the  model  to  changes  in  the  motor  noise 
has  bt=en  reduced  dramatically  by  including  proprioceptive  feedback.  Because 
the  model  now  has  observations  of  control  and  control  rate  to  use  in  forming 
an  estimate  of  control,  estimation  stabilizes  and  improves. 


Effects  of  SNR  (Models  1  &  3) 


Figure  5  shows  the  low  frequency  remnant  for  model  3  much  closer  to 
that  o:  model  1.  Notice  if  the  sensor  noise  is  too  large  (>-15dB),  the 
model  ignores  this  ob.servation  and  models  1  &  3  effectively  become ’models 
2  &  4.  Since  knowledge  of  the  control  signal  is  important  in  this  task. 

Chat  the  model  should  be,  and  is,  sensitive  to  the  quality  of 
this  information.  The  low  frequency  effects  result  primarilv  from  the  move— 
;nuiu  oL  the  tiscimator  poles. 


Sensitivity  of  Scores 


Relative  RMS  error  is  plotted  in  Fig.  6  as  a  function  of  MNR, 
RMS  error  is  the  most  sensitive  score.  Fig.  6  shows  that  including 
ceptive  feedback  reduces  Che  sensitivity  of  all  the  scores. 


Because 

proprio- 


Review 


From  the  sensitivities  studies  it  was  seen  that  in  general: 

All  predicted  scores  were  lower  than  measured  ones  for  pseudo  noise 

•  All  system  measures  were  more  sensitive  to  driving  motor  noise  than 
Co  pseudo  noise 

•  This  sensitivity  can  be  reduced  by  including  an  observation  of  con- 

trol 

•  The  level  of  sensor  noise  on  control  induces  the  low  frequency 
effects 

The  integrator  a^  the  motor  end  confines  the  remnant  power  to  the 
low  frequencies 
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FIG.  6:  SENSITIVITY  OF  RMS  ERROR  (K/S**2  TASK) 

•  It  is  difficult  to  niatch  K/S**l!  data,  with  i  nominal  set  of  para¬ 
meters,  using  models  264 

FINAL  COMMENTS 


Sensitivity  studies  have  shown  that  In-.rluding  observat ior.s  on  control 
can  reduce  model  sensitivity  to  driving  motor  noises.  Also  it  was  shown 
that  a  sensor  noise  added  to  control  does  not  greatly  affect  the  uncorre- 
iated  part  of  the  model.  Nominal  parameters  v;ere  found  that  could  match  K/S 
d  ;</S''‘‘2  dynamics,  provided  that  observations  on  control  are  included  for 
K/S**2  but  not  for  K/S.  If  the  model  is  allowed  to  allocate  attention  free- 
Iv  among  all  observed  variables,  this  may  provide  a  scneme  for  determining 
the  sensor  noises.  One  hypothesis  is  that  this  essentially  forms  a  decision 
step  (perhaps  as  part  of  the  learning  process)  in  the  HO  model,  where  it 
must  evaluate  the  benefits  of  all  the  cues  it  has  available  to  it  and  then 
decide  on  a  subset  which  will  be  useful  for  control  purposes. 

More  work  needs  to  be  done  in  order  to  find  a  good  rule  for  picking  the 
sensor  noises.  Testing  models  1  and  3  over  a  wider  set  of  system  dynamics 
is  also  important  to  see  if  our  findings  arc  true  in  general  or  just  a  . 
special  case. 
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ABSTRACT 

The  optimal  control  mode]  (OCM)  of  the  human  operator  is  used  to  develop 
closed-loop  models  for  analyzing  the  effects  of  (digital)  simulator 
characteristics  on  predicted  performance  and/or  workload.  Two  approaches  are 
considered:  the  first  utilizes  a  continuous  approximation  to  the  discrete 

simulation  in  conjunction  with  the  standard  optimal  oo-.trol  model;  the  second 
involves  a  more  exact  discrete  description  of  the  simulator  in  a  closed-loop 
multi-rate  simulation  in  which  the  o.otimal  control  model  "simulates”  the  pilot. 
Both  models  predict  that  simulator  characteristics  can  have  significant  effects 
on  performance  and  workload. 


1 .  INTRODUCTION 

The  development  of  engineering  requirements  for  man- in- the- loop  digital 
simulation  is  a  complex  task  involvirg  numerous  trade-offs  between  simulati'^'' 
fidelity  '-nd  costs,  accuracy  and  speed,  etc.  The  principal  issues  confronting 
the  developer  of  a  simulation  involve  the  design  of  the  cue  emotion  and  visual) 
©nvironment  so  as  to  taeat  simuiatiori  obJecti*'es  and  ths  design  of  the  digital 
simulation  model  to  fulfill  the  real-time  requirements  with  adequate  ^iccuraay. 

^  The  design  of  the  simulation  model  has  become  increasingly  important  and 
difficult  as  digital  computers  play  a  more  central  role  in  the  simulations.  For 
real-time  digital  simulation  with  a  pilot  in  the  loop  the  design  problem 
involves  specification  of  conversion  equipment  (A-D  and  D-A)  as  well  as* of  the 
discrete  model  of  the  system  dynamics.  The  design  of  an  adequate  discrete 
simulation  is^  also  related  closely  to  the  cue  generation  problem  inasmuch  as  the 
errors  and,  in  particular,  the  delays  introduced  by  the  simulation  will  be 
present  in  the  information  cues  utilized  by  the  pilot.  The  significance  of  this 
problem  has  been  amply  demonstrated . ^ Of  course,  human  pilots  can  compensate 
for  model  shortcomings  as  well  as  for  those  of  cue  generation,  with  possible 
effects  on  the  subjective  evaluation  of  the  simulation. 

The  objective  of  the  work  reported  here  was  to  develop  a  closed  loop 
analytic  model,  incorporating  a  model  for  the  human  pilot  (namely,  the  optimal 
control  model),  that  would  allow  certain  simulation  design  tradeoffs  to  be 
evaluated  quantitatively  and  to  apply  this  model  to  analyze  a  realistic  flight 
contro^  problem.  The  effort  concentrated  on  the  dynamic,  closed  loop  aspects  of 


*The  work  described  herein  was  performed  under  Contract  No.  NSA1-14449  for  NAS'l 
-  Langley  Research  Center.  Mr.  Russell  Parrish  was  the  Technical  Monitor  and 
contributed  many  helpful  suggestions. 


the  simulation.  Problems  associated  with  perceptual  issues  in  cue  generation 
were  not  considered.  However,  the  limitations  imposed  by  the  dynamics  of  visual 
cue  generation  equipment  are  considered  and  the  model  can  be  readily  extended  to 
incorporate  the  dynamics  associated  with  motion  simulation. 

The  optimal  control  m».  3I  of  the  human  operator^*^  is  central  to  the  closed 
loop  analysis  techniques  that  have  been  employed.  This  model  has  been  validated 
and  applied  extensively  and  has  a  structure  that  is  well-suited  to  analysis  of 
the  simulation  problems  of  interest.  The  model  can  be  used  to  generate 
predictions  of  attentional  workload  as  well  as  of  closed- loop  performance.  This 
is  significant  because,  as  noted  earlier,  pilots  may  compensate  for  simulation 
shortcomings  but  with  a  workload  penalty;  such  simulation-induced  operator 
tradeoffs  need  to  be  explored. 

Two  approaches  to  closed-loop  modelling  are  considered.  The  first  employs 
a  continuous  approximation  to  the  open-loop  dynamics  of  the  digital  simulation 
in  conjunction  with  the  standard  OCM.  The  second  model  attempts  to  represent 
the  discrete  simulation  dynamics  more  exactly.  It  utilizes  a  simulation  version 
of  the  OCM.  This  latter  model  is  referred  to  as  the  hybrid  model. 

In  the  remainder  of  this  paper,  the  closed  loop  models  are  described  and 
some  results  of  applying  the  models  are  presented  and  discussed.  More  extensive 
discussion  and  additional  results  may  be  found  in  Reference  5. 


2.  CONTINUOUS  aOSED  LOOP  MODEL 


Figure  1.  Simplified  Model  for  Closed  Loop  Analysis  of  Digital  Simulation 

Figure  1  is  a  block  diagram  of  a  simplified  closed-loop  model  for  analyzing 
problems  in  digital,  piloted  simulation.  The  pilot  model  in  Figure  1  is  the 
0CM.3f^  The  elements  corresponding  to  the  simulator  are  an  analog- to-digital 
converter  (ADC),  a  digital  computer  (CPU),  a  digital-to-analog  converter  (DAC) 
and  a  visual  display  system.  Briefly,  the  ADC  is  a  sampler  preceded  by  a 
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discussed  in  more  detail  below. 


2.1  Optimal  Control  Hodel  for  Pilot 

Some  of  the  features  of  the  OCM  that  are 
subsequent  discussions  are  reviewed  briefly  here. 


particularly  relevant  to 
Figure  2  illustrates  the 


disturbances  ^(t) 


Figure  2,  Structure  of  Optimal  Control  Model 
structure  of  the  OCM, 
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The  OCM  as  originally 
dynamics,  corresponding  to 
state  variable  format 


conceived  and  developed  presupposes  that  the  system 
the  element  to  be  controlled,  may  be  expressed  in 


x(t)  =  A^x(t)  +  B^u(t)  +  w{t) 


y(t)  s  CcX(t)  +  D.3u(t) 

Relaxed  The  above  system  dynamics  include  the  linearized  dynamics  of  the 
(OP  O.OP 

toe  0,no.i=a  ar,  .aau.eO  to  reprosent  , 

continuous  system. 

^  <;ersiie«5inn  it  is  convenient  to  consider  the  modex  for  the 

pilots"  ^eTn^o'iprts.0  orti.  foUo.tng:  (O  on  ■ooul.olonf 

haf  tronolatoo  /loplayad  .arlaPl.o  Into  "ppp* 

^  4.  fii^  an  information  processing  model  that  attempts  to 

denoted  by  yp  U),  Ui)  oerceived  data.  The  information  processor 

-“1-0  -  aro^£<;4^>^^i^p  -  p—  - 

lrE°FHirv.ur  wo%“rr 

limitations  (frequently  associated  with  neuromotor  dynamics)  of  the  human  and  an 
inability  to  generate  noise- free  control  inputs. 

-vte  ‘ime  de' ay  or  transport  lag  is  intended  to  model  delays  associated  with 
the  human  All  displayed  variables  are  assumed  to  be  delayed  by  the  same 
aLnt  rim.  “C  seconds.  However,  delays  introduced  by  the  simulation  can  be 
a'*ded  to  the  human’s  delay  without  any  problem,  so  long 

delayed  by  the  same  amount.  If  such  is  net  the  case,  then  all  outputs  can  be 
■4oipvPf"  hv  T  wherp  T  is  now  the  sura  of  the  minimal  delay  introduced  by 
Sr  stmulltion  an^the  operator’s  delay,  and  additional  delays  for  the  outputs 
requiring  them  can  be  modeled  via  inclusion  of  Fade  approximations  in  the  output 

path. 

The  observation  and  motor  noises  model  human  controller  remnant  and 
involve  injection  of  wide-band  noise  into  the  system.  This  noise  is 
rr^hrother  processes  in  the  pilot  model  and  by  the  ^y^^em  dynamics.  It  should 
k!  that  the  injected  remnant  is  a  legitimate  (if  unwanted)  part  ot 

the  pilot’s  input  to  the  system  and,  therefore,  significant  amounts  of  remnant 
P«0«1P  not  be  filtered  out  lb  the  de-aliaslns  process  of  s  ,aUd 

simulation. 

The  neuro-motor  lag  matrix  limits  the  bandwidth  of  the  model  response. 
TvDicaiiv  for  wide-band  control  tasks,  involving  a  single  control  variable,  a 
Sd-ldtrilbllatlon  of  about  10-12  rsd/see  ,l.es  _s  good  .atcb  to  esperibental 

results  (i.e.,  a  neuro-motor  time  constant  of  Tn  -  .08  -  .10).  ror  many 
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aircraft  control  tasKS  there  is  no  significanf  ^  .. 

to  be  Obtained  by  operating  at  this  bandwidth.  aM  thi^e  ;;n'*S“somrnr‘ 
unnecessary  control  activity.  For  such  tasks  lari?  7  Penalty  in 

bandwidths)  have  been  observed.  In  these  cases  th? 
constant  is  arbitrarily  set  at  the  human’s  limit  (si  t!  "®“'*°-”otor  time 
of  tracking  or  regulation  performance  are  usuallv  Predictions 

activity  and  pilot  bar.dwidth  tend  to  be  overestimated  Inai  ? 

useful  to  have  more  accurate  estimates  of  pilot  bandwilhf^r  mating  7  - 
concerning  approximations  to  the  discrete  ^  making  decisions 

study  on  the  basis  of  a  model  analysis  of  llT 

control-rate  scores.  Essentially,  this  involves  usiS'^thrmn???" 

curve  of  error-score  versus  control-rate  score  t?  °  ® 

marginal  Improvements  in  performance  reqSJre  substantS? 

control-rate  (the  -knee-  of  the  curve)  A  vIL  or  ??  increases  in  rms 

operator  bandwidth  of  about  1  Hz)  was  dlermined  on  thel?slTo?thL'lnarysis'5 

-adJuILln^s^r  r  w^ 

performance.  The  general  exDression<»  ron  ch  ati-empts  to  optimize 

system  and  task  and  are  determined  by  solvTng  ?n'lppJo^r"ate‘^®?"‘‘ 
problem  according  to  well-defined  rulesf  Of  special  inter/1  b  optimization 

the  basic  continuous  CCM,  the  estimator  and  pred-loi  coS?«in? 

Of  the  system  to  be  controlled  Ann  i  internal  model.s** 

knowledge  of  system  dynamics.  The  assumption  ?  computed  based  on 

dynamics  during  trainLg.*  assumption  is  that  the  operator  learns  these 

control  r?'sc?etr?Xul?ti?n  Tr  717^^77  ^-an 

appear  that  if  t^e  operator  is  trained  o? 

model  corresponds  to  the  simulation  mod-f  *•  appropriate 

employed  with  the  continuous  model,  ““  assumption 

Finally,  it  should  be  mentioned  that  the  solution  tn  <• 

optimization  problem  yields  predictions  of  th^  oomni  ?  7  ^  aforementioned 
statistics  of  t»s  systc.  PrecTctloc,  of  snot  °  -  closed-loop  peofooMooe 

and  error,  spectra  are  al2  avaUabt,  Ml  Jf;"';’?  '“'Uc"*  sM  control 
perforned  using  coyarlanoe  propagation  •ethods^^tOu)  computations  are 

simulations,  this  Is  not  the  case  for  the  J^irlf  Ldei  d‘.7or7h« 'laUr') 


•This  is  generally  more  convenient  than  assuming  that  tho  Avt<.— - T7— - 

from  the  true  model  and  also  leads  to  good  performance  predfcUon"^ 

If  the  simulation  model  is  poor,  a  control  strateev  fhai-  * 
the  actual  system  could  be  learned  with  negative  rILlls  1„  I'cf 

tralnlng.  This  Issue  can  be  addressed  with  the  hybrid  .odS’drs'oMSrurer!'’ 
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2.2  Open-Loop  Simulator  Dynamics 

The  application  of  the  standard  OCM  to  closed- loop  analysis  requires  a 
continuous  state  representation  of  the  complete  controlled  element.  Since  the 
human  pilot  in  closed  loop  control  will  operate  on  essentially  continuous 
outputs  to  generate  continuous  control  inputs  even  when  digital  computers  are 
used  in  the  aircraft  simulation,  it  is  meaningful  to  consider  a  continuous 
transfer  function  approximation  to  the  open  loop  simulation  dynamics.  Such  an 
approximation  is  developed  here.  It  consists  of  a  rational  transfer  function 
multiplied  by  a  transportation  lag.  The  rational  transfer  function  approximates 
the  amplitude  distortions  introduced  by  discrete  integration  of  the  flight 
dynamics.  The  delay  accounts  for  all  the  phase  lags  introduced  by  the  simulator 
components.  These  phase  lags  are  the  major  source  of  degraded  performance  and 
increased  workload  in  closed  loop  tasks.  However,  the  amplitude  distortions  can 
be  significant  for  open- loop  responses. 

System  Function  From  Stick  Input  to  Displayed  Output 

Figure  3  is  an  elaborated  diagram  of  the  simulator  portion  of  Figure  1. 


Figure  3.  Open  Loop  Simulator  Dynamics 

Note  that  the  output  of  the  visual  servo,  y(t),  is  a  continuous  signal  as  is  the 
input  u(t),  to  the  A-D  dealiasing  pre-filter.*  For  analysis  purposes  we  use  the 
notation  implied  in  Figure  3-  Variables  or  functions  with  argument  s  represent 
Laplace  transforms  and  those  with  argument  z  correspond  to  z-transforms.  The 
starred  quantities  correspond  to  Laplace  transforms  of  impulse  sampled  signals 
or  of  functions  of  z  and  are  defined,  e.g.,  by' 


(3)  =  (z)  i 


1  r* 

T  ^ 

n=-oo 


Uj^(s+jnii) 


(2 


or 


*For  ViraVll'^ityr we  single-input,  single-output  systems.  The  results 

obtained  here  can  be  gene?'aliied  to  uiore  coo^plex  situations. 
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(3) 


D*(s)  =  0(2) I 


:=c 


sT 


where  T  is  the  sample  period  and 


2r, 


^  =  sampling  frequency 


From  Figure  3,  we  obtain 


y{s)  »  F2{s)y,*(s)  =  F2  (s)  D*  (s)  (s) 

00 

-  F2{s)D*(s)  i  I  F^  (s+ jn£l)  u  (s+ jnQ) 


n=-oo 


(4) 


Equation  (5)  gives  the  exact  transfer  relation  between  u(s)  and  y(s). 
However,  it  is  not  a  useful  expression  from  the  standpoint  of  olosed-loo" 
modeling  because  of  the  infinite  summation.  *' 

The  system  function  for  a  linear  system  (such  as  the  simulation  system 
under  analysis)  may  be  obtained  by  computing  the  steady-state  response  of  the 
system  to  an  input  of  the  form  exp(st).  It  is  shown  in  Reference  "  tha-  ‘he 
system  function  from  u(s)  to  y(s)  (in  steady-state)  is  periodic  in  time  with  a 
period  equal  to  the  sampling  period.  However,  if  the  output  y(t)  is  considered 
only  at  samplirw  instants,  which  amounts  to  introducing  a  "fictitious"  sampler 
at  the  output'  then  the  following  time- independent  transfer  function 
obtained. 


G(s;t) i 


sample 


=  r,(s)  = 


F2*(s)D*(s)Fj(s) 


( A"* 


We  shall  consider  G(s)  defined  in  (6)  to  be  the 
the  simulation.  Note  that  F2*(3)  =  (VHi)»(s). 


"exact"  transfer  function  for 


Equation  ( 6)  is  intractable  for  use  with  the  continuous  OCM.  Therefore  it 
will  be  necessary  to  approximate  ( 6)  for  closed- loop  analysis  ’  A 
straightforward  approximation  is  to  ignore  all  but  the  n=0  term  iri  the 
expression  for  F^*  which  results  in 
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G(s)  ~  Vs)D.(s)F,  (s)  _  V(s)H.(s)D«(^)-,(s) 


In  utilizing  (7)  it  win  ko  - 

doing  this  will  be  diseuc^ort  ”®=®ssary  to  approximate  D»(s)-  th*  ^  ^ 

aiscussed  subsequently,  the  procedure  fo 

tr,n,F,.  Function,  fen  tn 


Fj(s)  = 


s^+  2ui  s^+2uj_^s+w  ^ 


c  c 


V{3)  = 


s^+2^ai  s+i:  ^ 
n  n 


The  hole  transfer  funcUon  Is  elt 


H„(s)  .  izi.!!. 


H(s)  =  T(l+T 


Sample  periods,  T.  of  1/9?  ^/■,c  . 

hhh  J  =  »'■  ‘“-'•est  er,’ch.°raeter.S%  > 

^  n  •  tp  rad/ sec 

may  be  aPProSatTd^“rVa®soJa^b^^^^^  transfer  functions  of  (8) 

teflon  Of  interest  for  -hnel^'oo^fril  V<  = 
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(12) 


Fj^{s) 

e-"F® 

V(s) 

e""v® 

Ho(s) 

_  s 

H,  (s) 

e"^l 

where 

2 

2T 

T 

=  T/2 

T  ^ 

(sU3i^)" 

X  _ 

057  sec  ^ 

.!ubstitution  of  (12) 

into  (7)  yields 

Fj_(s)D* 

(s)F2  I 

[s)  = 

D*(s)  exp  -|(^p  +  Ty  + 

where  i 

s  0  or 

1  for 

the  zero-order  or  first-order  hold. 

(13) 


(iu) 


2.3  Effects  of  Discrete  Integration 

In  the  previous  section  the  transfer  function  D*(s)  was  left  unspecified  as 
was  the  manner  in  which  it  was  to  be  approximated  for  continuous  closed-loop 
analysis  with  the  OCM.  In  general,  D*(s)  will  be  a  ^’distorted”  version  of  the 
continuous  system  dynanfics  that  are  to  be  simulated.  Some  general  features  of 
the  distortions  introduced  by  various  integration  schemes  are  analyzed  and 
presented  in  Reference  5  along  with  results  pertinent  to  the  F-8  dynamics  that 
are  to  be  analyzed  later.  Here,  we  present  a  brief  discussion  of  the  general 
effects  of  discrete  integration  followed  by  a  description  of  the  method  that 
will  be  used  to  approximate  D»(s)  in  the  continuous  closed-loop  analysis. 


Consider  the  continuous  vehicle-dynamics  as  described  in  the  state-variable 
form  of  Equation  (1).  For  constant  system  matrices,  the  transfer  matrix  between 
system  outputs  and  control  inputs  is  given  by 

y(s)  =  %:(s)  'i(s) 


§,(s)  =  Cc(sI-1o)"''Bo  +  Dc 


(15) 


When  equations  (1)  are  "integrated"  digitally,  they  lead  to  a  discrete 
approximation  with  the  following  transfer  matrix* 


D*(s)  =  {c^[2l-A^] 


-1 


^ i  sT 
2=e 
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where  the  matrices  in  (16)  depend  on  the  particular  integration  scheme  and 

sample  period  as  well  as  on  the  corresponding  continuous  system  matrices. 

Several  points  concerning  Equation  (16)  are  noteworthy.  First,  the  elements  o- 

the  discrete  transfer  matrix  D«(s),  cannot,  in  general,  be  expressed  as  tne 

ratio  of  two  polynomials  in  s  of  finite  degree.  Second,  the  Bode  responses 

corresponding  to  (16)  will  differ  from  the  continuous  responses  in  both 

SpuSde  aS®d  phas^,  and,  further,  the  responses  for  the  discrete  system  ^-e 

j*  *  c  with  DGriod  6QU3l  to  2*^/T  •  Tnircl> 

periodic  in  frequency  witn  pei  xu  ^  m 

poles  and  zeros  of  Equation  (16)  are  infinite  in  number  and  are  given  by,  for 
example. 


P.  =  +  j  (Wj^  +  2uk)  ;  k  =  0,  +1,  i2 , . 


Moreover,  the  principal  values  for  the  poles  and  zeros,  i.e.,  those  with  =  2’ 
are  not,  in  general,  equal  to  the  corresponding  poles  and  zeros  of  -he 
continuous  system.  Finally,  simple  integration  schemes,  such  as  Euler,  wi-i 
have  the  same  number  of  principal  poles  as  the  continuous  system,  whereas 
multi-step  integration  schemes,  like  ( Adams-Eashforth) ,  will  introduce  princip«- 
roots  that  are  spurious. 


We  now  turn  to  the  problem  of  approximating  D*(s)  so  that  the  continuous 
representation  of  the  simulator  dynamics  may  be  completed.  Because  of  the 
restrictions  imposed  by  the  OCM,  we  restrict  the  possible  approximations  to  the 
following  form: 


_L 

1  . 
D 


n 

"ij 


where 'd(s)  is  a  ratio  of  finite  polynomials  in  s  with  numerator  degree  less  than 
or  equal  to  the  degree  of  the  denominator.  Note  that  the  same  "computation- 
delay,  T  e  is  associated  with  each  transfer  function.  This  turns  cut  to  be  a 
good  approximation  for  the  dynamics  considered  in  Section  4.  If  different 
delays  were  needed,  they  would  be  included  in  D  via  a  rational  Fade 

approximation. 5 

The  simplest  approach  to  selecting  D  is  to  use  (15)  and  let 


liij(s)  =  (s) 

ij 

From  the  standpoint  of  the  OCM,  this  means  that  the  state  equations  for  the 
original  dynamics  are  used  and  discrete  integration  is  modeled  by  adding  a  delay 
determined  from  the  phase  distortion.  As  has  been  stated  earlier,  such  an 
approximation  probably  accounts  for  the  major  source  of  difficulty  of  discrete 
integration  in  closed-loop  control.  However,  to  employ  it  exclusively  is  to 
leave  us  somewhat  uncertain  as  to  the  closed-loop  significance  of  the  amplitude 
distortions.,  . 
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1.  ’ fn  discsretG  Bods  rssponsss 
It  was  found5  that  very  good  approximati  -  analyzed 

could  be  obtaLed  for  the  longitudinal  oont-l^tas.s  tha 

later.  These  approximations  in  Id  P  ^^^^3  that  agreed  wi^h 

derivatives  and  CAS  integration,  it  was  also  necessary  to 

discrete  modes.  ^°^L_uous  vehicle  transfer  in  order  to  reproduce  th 

“d:  ^is\-\J^  -s  integration  scheme. 

When  Equation  (17)  is  substituted^  i^^  aircraft  control 

Srs!  trsUa'^o?  transfer  function  can  be  modelled  as 


zM 

u(s) 


D(s)e 


(18) 


•  «  fhP  Bode  response  for  digital  integration  of 

the  vehicle  dynamics,  m 


(19) 


"s  = 


'v  . 


rruas;nl"hV«r“»o!5.  riS''»riranrc™‘uis=r.«  InWSratlon) . 

r-  4.-  M  readily  lends  itself  to  efficient 
The  approximation  of  Equation  (1 8)  readily  to  a  sta.e 

application  of  the  O^M.  The  yst^  mat^  ,  , 

representation  of  D  and  the  ^  s  the  OCM  is  sufficient 

sample  periods,  etc.  Adjustment  of  pilot  parameters, 

to  predict  the  levels,  allows  the  sensitivity  to  pilot  attention 

specifically  observation  noise  levels, 

to  be  examined.’ 


3.  THE  HYBRID  MODEL 

There  are  shortcomings  in  effectTof'lh;  AeAatX'sfn'g 

of  aliasing  are  not  '  JSs  mSdel  but  not  its  benefits.  This  means 

filter  are  included  i"  f  that  filter  can  only  lead  to  negative 

that  decreasing  the  true  in  general.  Similarly,  because 

results,  a  situation  *5^  data  holds  are  considered,  zero-order  holds  will 

only  the  delays  inherent  in  ^^.tyt-order  holds.  But,  in  some  instances, 
always  show  less  , /vantages  that  outweigh  the  additional  delay 

the  first  order  hold  may  provide  ad  van  ^^g  explored  with  the  continuous  OCM 
penalty.  This  type  in,ation  to  the  simulator  dynamics.  Because  of 

th^ranT"  :.Sortco.ms,  it  was  decided  to  develop  a  hybr 

model . 
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The  approach  to  developing  the  hybrid  model  is  to  "simulate"  the 
closed-loop  simulation.  A  discrete  simulation  version  of  the  OCM'O  was  used  in 
a  closed-loop  digital  Monte  Carlo  type  computation*  in  which  "continuous" 
elements  of  the  loop  are  updated  at  a  rate  significantly  greater  than  discrete 
elements.  In  other  words,  the  hybrid  model  is  a  multi-rate  sampling  system, 
rather  than  a  true  hybrid  system.  (Informal  experimentation  indicates  that  a 
sample  rate  five  times  that  of  the  discrete  elements  is  adequate  to  simulate 
continuity  for  the  cases  considered  here.)  In  addition,  to  different  sample 
rates  for  continuous  and  discrete  elements,  the  updating  of  the  discrete 
equations  of  the  hybrid  model  is  different  for  the  two  kinds  of  elements.  In 
particular,  discrete  elements  are  updated  by  means  of  the  integration  scheme  and 
time-step  specified  for  the  "true"  simulation.  The  equations  for  continuous 
elements  are  updated  at  the  faster  rate  via  transition  matrix  methods. 

The  equations  describing  the  hybrid  model  are  quite  complex  and  are 
described  in  detail  in  Reference  5.  Here,  we  simply  note  two  features  of  the 
model  that  are  interesting  and  useful  in  subsequent  analyses.  First,  the  hybrid 
model  was  implemented  so  that  the  prediction  time  in  the  predictor  of  the  OCM 
(See  Figure  2)  could  be  selected  arbitrarily.  This  contrasts  with  the  standard 
OCM  in  which  the  prediction  time  is  always  equal  to  the  time  delay.  This 
additional  freedom  allows  us  to  "sweep  cut"  curves  of  performance  versus 
prediction  time.  Theoretically,  best  performance  should  be  obtained  when  the 
prediction  time  is  equal  to  the  sum  of  the  human's  delay  and  the  simulator's 
delay,  i.e.  when  the  operator  compensates  optimally  for  both  delays.  Since  the 
human's  delay  is  an  assumed  parameter,  the  compensation  time  for  best 
performance  yields  an  independent  measure  of  the  simulator  delay. 

A  second  feature  of  the  hybrid  model  is  that  the  internal  model  for  the  OCM 
need  not  be  the  same  as  the  system  model.*  This  flexibility  provides  the  hybrid 
model  with  a  capability  for  examining  transfer-of-tralning  questions.  In 
addition,  since  optimal  performance  should  correspond  to  the  operator's  model 
being  equivalent  to  the  system  model,  the  hybrid  model  can  be  used  to  evaluate 
different  (internal)  approximations  to  the  discrete  simulation. 

A  final  point  concerning  the  hybrid  model  is  worth  noting.  Because  it  is  a 
Monte  Carlo  model,  it  normally  will  require  many  computer  solutions  to  obtain 
meaningful  statistics.  In  the  analyses  to  be  performed  here,  however,  we  are 
interested  in  the  steady-state  response  of  stationary  systems.  Rather  than 
average  over  many  Monte  Carlo  solutions,  we  have  assumed  ergodicity  of  the 
processes  and  utilized  time-averaging  of  a  single  response.  Even  with  this 
simplification,  it  is  fairly  expensive  computationally  to  obtain  valid 
statistical  results. 5 


*A  truly  hybrid  (analog/digital)  model  is  possible  but  would  require  a  hybrid 
computer  (which  was  not  available). 

*Indeed,  the  system  model  can  even  be  nonlinear. 
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4.  AN  EXAMPLE 


r 


The  models  for  closed-loop  analysis  of  simulator  effects  have  been  applied 
to  an  ’‘example"  simulation  involving  air-to-air  target  tracking.  Results  have 
been  obtained  for  both  longitudinal  and  lateral  control  tasks,  for  augmented  and 
unaugmented  dynamics  and  for  different  target  motions.  In  addition,  the  effects 
of  changes  in  design  parameters  of  each  simulation  component  have  been  explored. 
The' full  range  of  results  may  be  found  in  Reference  5.  Here,  a  sample  of  the 
results  is  presented  to  show  the  extent  of  the  simulation  effects  and  the 
capabilities  of  the  closed-loop  models. 

4.1  The  Tracking  Problem 

Figure  4  shows  the  geometry  of  the  air-to-air  tracking  in  the  longitudinal 
plane  The  gunsight  is  assumed  to  be  fixed  and  aligned  with  the  aircraft  fc>-dy 
axis.'  For  longitudinal  tracking,  we  will  ssume  that  no  information  concerning 
the  Urget’s  pitch  angle,  ♦  ncr  the  relati  e  aspect  angle  is  available.  The 
pilot’s  task  is  assumed  to  be  that  of  mi.niaiz-i.g  the  mean-squared,  line-of-sight 


2j  =  INERTIAL  LINE-CF-SIGHT  ANGLE  lELEVATlON) 

R  5  target  range 

elevation  tracking  error  = 

Figure  4.  Target  Geometry 


tracking  errors, •• 

The  target  is  assumed  to  execute  random  vertical  evasive  maneuvers.  In 
particular,  target  altitude  variations  are  generated  by  passing  white,  gaussian 
noise'through  a  third  order  filter  as  illustrated  below. 
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By  selecting  the  covariance  of  the  white  noise  and  the  cutoff  frequency  of  the 
Butterworth  filter,  rms  altitude  variations  and  normal  accelerations  may  be 
specified.  Here,  a  cutoff  frequency  of  ^  — 5  rad/sec  was  used  and  the  noise 
covariance  was  chosen  to  give  an  rms  altitude  variation  of  267  ft.  and  an  rms 
acceleration  of  3.'  g.  Of  course,  the  linearity  of  the  prooiem  allows  us  to 
scale  the  results  to  correspond  to  higher  or  lower  accelerations. 

The  longitudinal  short-period  dynamics  of  the  ?8  without  ^mentation  will 
be  the  baseline  dynamics.  The  relevant  equations  may  be  fcunu  in  Reference  5. 
The  short  period  dynamics  have  a  natural  frequency  of  2.28  rad/ sec  and  a  damping 
coefficient  of  .29;  tnis  represents  poor  short  period  handling  qualities.* 
Because  of  this,  and  because  we  are  interested  in  the  effects  of  simulation 
parameters  as  a  function  aircraft  dynamics,  a  set  of  augmented  longitudinal 
dynamics  will  aiso  be  considered.  A  pitch  command  augmentation  system  (CAS)  is 

vertcn  airframe  cha.racter istics .  T.he  CAS  design  is  a  modified 
version  of  tne  design  proposed  in  Reference  IK 

The  equations  for  the  augmented  dynamics  are  given  in  Reference  5  The  F8 
with  the  pitch  CAS  has  short  period  roots  with  a  natural  frequency*  of  2  78 
rad/ sec  and  a  damping  coefficient  of  .64;  this  constitutes  a  significant 
improvement  in  t.ae  short  period  handling  qualities. 2 


5.  MODEL  RESULTS 


5.1  Continuous  Model 

The  continuous  model  was  used  to  analyze  the  effe-its  of  both  simulation 
variables.  With  respect  to  the  simulation,  the  effects 
cL  period  and  integration  scheme  are  presented  for  the  longitudinal 

We  define  a  basic  simulation  configuration,  corresponding  to  Figure  ^  in 
which  the  cutoff  of  the  de-aliacing  filter  is  set  at  half  the  sample  frequency 
the  visual  servo  has  the  DMS  characteristics  (^s  .  70  7;^)^.  ??  25  rad/sec'  a 

2ero-or(ier  nold  is'  used  in  data  re  cons  true  tionr.  *  *  * 
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f. 


Figure  5.  Effect  of  Disc 


^-ete  Siisulation  on  Noroalized  Performance 


Figure  5  gives  normalized  oerforman'^p  rnr*  rns  k  ■ 
function  of  sample  period  and  -ntPirrai-iftw  u  basic  ooni  iguration  as  a 

defined  as  the  taking  e tor  Normalized  performance  is 

by  the  tracking  error  that  would  be  ottmef  inTtntir  divided 

delays  (or  in  flight).*  The  norLli'-ltTon 

performance  utilizing  the  origin^''  con^fimi^  computing  the 

only  delay  is  that  of  the  operator’ (.2  seconds)*.  ^^J^^tions  and  assuming  the 

Figure  5  shows  substantial  effect-s  ar-o  <«*.— .4  ..  .. 

pa.-ticularly  at  low  sample  rates  Even  for  th^ f  “‘''®  ^^'”'^-®ticn, 

•  03125),  there  is  a  16-20  perce-*  oerftl-!.  "^ghest  sample  rate  (T  = 

magnitude  exceeds  the  normal  in*-"a-  and  Inter  ^  change  of  this 

tracking  tasks  a.nd  would,  therefore  be  excett'ei  variability  in  manual 

lowest  sample  rates"  the"' peV?oSnce’  SLraTuon  r"J"  significant.  For  the 
numbers  that  are  clearly  coraequenfa’  *  Tt  ,•  *  >^'=‘nges  from  35-50  percent, 

,i‘*rauLn;r,  ““  p“'rr 

for  simulator  delays  and  the  adoption  of  an  internal  modeVTh  compensate 

amplitude  distortions  (and  pole  D»r‘urbarion\T  ^  ^  that  accounts  for  the 
results  are  based  on  the  assumption  CPU.  The 

However,  the  pilot  may  choose  to  devote  more  attentTo*  to  the’T^®?  '"‘’[O'^ghout . 
and,  thereby,  reduce  tracking  error.  A  reasonable harder) 
”How  much  more  attention  to  the  task  would  bf»  then,  is 

levels  comparable  to  those  that  could  be  obtained^'^^''^'^  achieve  performance 
This  question  can  be  addressed  usi4  the%?/e1  r  ^  continuous  simulation?" 
0C«.9  The  result  of  tms  JAysut  ZTt.  “““ 


undelayed  visual  TnfoiJ^Uon?*  ana. os  slnulation  with  analog  displays  prowldlng 


Figure  6.  Simulation  Workload  Penalty 

It  can  be  seen  from  Figure  6  that  to  achieve  the  performance  equivalent  to 
that  for  continuous  simulation,  the  pilot  would  have  to  increase  his  attentional 
workload  by  factors  up  to  three  for  the  conditions  considered.  There  is  a 
substantial  workload  penalty  and  it  might  be  expected  that  a  compromise  between 
performance  degradation  and  increased  workload  might  evolve.  This  would  be  the 
case,  especially  if  the  pilot  had  not  flown  the  vehicle  or  a  continuous 
simulator  in  the  same  task  so  that  there  would  be  nc  basis  for  setting  a 
criterion  level  of  performance. 

Before  leaving  the  workload  question,  a  further  point  is  worth  noting.  In 
the  describing  function  literature,  it  has  been  common  practice  to  associate 
workload  with  the  generation  of  lead.  However,  there  has  been  no  quantitative 
connection  between  the  amount  of  lead  and  the  increase  in  workload.  In  the 
present  context,  one  can  think  of  the  increased  prediction  time  necessary  to 
compensate  for  simulator  delays  as  imposing  a  (processing)  workload  analogous  to 
that  of  lead  generation.  The  measure  of  attentional  workload  given  previously 
may  then  be  thought  of  as  an  alternative  means  of  quantifying  the  workload 
imposed  by  the  requirement  for  additional  prediction. 

It  was  anticipated  that  there  would  be  an  interaction  between  the  effects 
of  simulation  parameters  and  problem  variables  such  as  vehicle  handling 
qualities.  Thus,  the  above  tracking  task  was  analyzed  for  the  CAS/ON 
configuration. 

Figure  7  compares  normalized  longitudinal  CAS-C»  and  CAS-OFF  performance 
for  the  basic  simulation.  It  can  be  seen  that  the  CAS-ON  performance  is 
degraded  more  by  the  discrete  simulation  than  the  CAS-OFF  performance.  These 
results  are  explained  by  the  fact  that  the  delays  introduced  by  digital 
integration  are  larger  for  CAS-ON  dynamics  than  they  are  for  CAS-OFF  dynamics. 
The  effects  of  longitudinal  dynamics  when  viewed  in  terms  of  absolute 
performance  are  interesting  and  are  also  shown  in  Figure  7.  The  absolute 
performance  for  continuous  simulation  is  better  for  CAS-ON  than  CAS-OFF  (by 
about  3.5  percent)  and  the  sensitivity  to  incremental  computation  delay  is  about 
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Figure  7*  Effect  of  Vehicle  Dynaunics 

the  same  for  the  two  configurations.  Thus,  for  a  given  simulation 
configuration,  absolute  performance  for  CAS-ON  and  CAS-OFF  configurations  will 
be  about  the  same  if  Euler  integration  is  used  and  the  CAS-OFF  configuration  can 
give  better  performance  if  A-B  integration  is  used.  In  other  words,  the 
discrete  simulation  washes  out  any  improvement  due  to  the  CAS! 
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5.2  Hybrid  Hodei 


The  hybrid  model  was  used  to  investigate  several  issues  that  could  not  be 
examrned  readily  in  the  continuous  model  context.  Results  were  limited  to  the 
longitudinal  unaugmented  dynamics  because  of  cost  and  time  considerations 


DELAY  COMPENSATION  (sec) 


Figure  8.  Effect  of  Operator  Prediction  Time 

Figure  8  shows  the  sensitivity  of  performance  to  delay  compensation  time* 
for  the  basic  simulation  configurations  with  both  Euler  and  A-B  integration  and 


*The  prediction  time  in  excess  of  that  needed  to  compensate  for  t!:e  operator's 
intrinsic  delay  of  .2  sec. 
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.  n.  nftpq  The  "internal"  models  for  the  OCH  in  these  cases  are 
for  T  .=  .1  and  T  *  .0  625.  The  in^  discrete  transfers  that  incorporate 

the  continuous  ®PP«'Oximations  human's  delay 

amplitude  distortion  effects,  how  ’  ,  delays.  Thus,  we  expect  the 

of  .2  seconds  to  account  for  ^  \  equal  to  the  delay  introduced  by 

rpr=ritS,r%»1  ,tti'uor.ei;,s  a.  .a^  a„a  . 

at  larcer  compensation  times  than  for 
For  A-B  integration  the  minima  are  ®  for  amplltuae  aiatortlon. 

Euler.  I«la  «e  a  result  of  the  metn^  U3^  to  aoeou^^^^^^^^  P 

(Secall  that  a  aero  was  i»troauc.O  pnas.  lag  at 

necessitated  an  ‘“f'asrt  t  »  prediction  time  Is  around  .3  seconds 

ffiid-freQuencies .)  With  T  -  ^  For  T  -  0625*  performance  does  not 

and  tne  simulation  SeU,  Is  -.32  "^“uon  tils' «  the  Selghhorhood  of  the 
appear  to  be  very  sensitive  P  _  seconds  and  performance  for  this 
optimum.  The  simulation  del  y  *  ootimal  performance.  Figure  8  also 

prediction  time  is  indistinguishab  ,  internal  model  does  not  include 

Shows  a  curve  for  the  “fu^of  A-B^  It  can  be  seen 

a  zero  to  match  the  .cqu  of  only  ’.17  -seconds  is  required.  This 

that  for  this  case  a  delay  ':°”P®  .  .  Lrvo,  pre- filter  and  zero-order 

corresponds  to  the  delays  in  m?irffinallv  poorer  than  for  the  case  with 

hold.  The  optimal  t-rfomshce  is^  result,  suggest  that 

amplitude  distortion  included  ^  better  model  of  the  effect  of  A-E 

t!;JfgSuon"\te1ncretse'd"d\la^  compensation  needed  to  offset  the  extra  lead 
should  not  be  viewed  here  as  a  workload  penalty. 

d..  d.v,i=  »«ttimates  of  simulation  delay  used  in  the 
These  results  o^strate  implicitly  how  operators  may  adapt 

continuous  model.  They  a..so  sd^„lagor  inadequacy.  The  added  prediction 

S^irellaTUyTr^^^^^^^^^^  ^oted  earlier. 

Another  form  of  -^aPtation  to  the  "peraror 

wrong  model  when  these  questions  for  the  longitudinal 

i"^?cr,hd^uUr’\n?rgrsUon  arc  provided  h,  the  r„uUs  ,ho»  In  Figure  9. 

g««-mar-id(»  VS  dclav  compensation  for  T  s  .1  and  two 
Figure  9  gives  P®'^f°'^“  ^  .  that  derived  to  match  the  corresponding 

internal  models.  One  interna  other  is  the  basic  continuous  model.  It 

discrete  th-fer  funuUc"  .pe„  the  Internal  model 

can  be  seen  that  better  p  model  imolying  that  this  is  a  better 

corresponds  to  the  aPP''o*^“a  e  original  continuous  model.  Figure 

model  of  the  J‘screte  simulation  j  .  .,  aeoond.  In  a 

9  also  shows  the  effect  of  using  ^o3125  seconds  (i.e.,  nearly 

simulation  where  the  actu  _  model  for  T  =  .03125  seconds  Ci.e.,  the 
continuous)  as  compared  compensation,  performance  will  be 

correct  one).  If  ^^'ortS  otheV^^^^^^^^^  the  delay  compensation 

degraded  s^^  “ifomic.  penllt,  of  ahout  ,9.  -lU  he 

The  effe'ot  IS  not  substantial  here  hut  It  might  he  In  other  tashs. 
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Figure  9.  Effect  of  Internal  Model 

1^6  of*  th0  CUtof*f*  f*r*6QUfinGV  of*  f  ho  Ho  ->  1  *2  ^ 

is  shown  in  Figure  10.  Euler  integration  of  tht'  on  perfonnanc« 

other  simulation  parameters  correspond  to  the  el  equations  is  used  am 

are  for  a  sample  frequency  of  l5  Hz  (T  -  ii  configuration.  The  results 

satisfies  the  Nyquist  req' irement  Res’ul'ts  are  obfaf  ‘’^"^0  »  5  H. 

Hz,  respectively.  The  lowest  value  of  a).  -  20  Hz  ^  and  20 

that  there  is  not  significant  signal  power' bejond  5  Hz  fo  th®"  ”3*“Ption 
set  tne  filter  break-point  at  that  frequency  and  inL^%h» 
results  in  Figure  10  favor  using  the  higher  cutoff  frl  Penalty.  The 

this  problem.  Furthermore,  there  is  a  substam-isi  nequency.tO^  :  20  Hz,  for 
frequency  cutoff.  These  tw’o  res’^lts  imply  ^  <^*>e  low 

We  also  note  that  the  performance  minimi U4  /Vo  H^nd%"^^^^ 
the  correct  value  of  prediction  time;  the  optimum'  red icUon  llTZ 


132 


is  much ,  larger  but  not  quite  so  large  as  the  estimated  total  simulation  delay  of 


DELAY  COMPENSATION  (sec) 


Figure  10.  Effect  of  Dealiasing  Filter  Cutoff  Frequency 


.53  seconds. 

The  effects  of  using  a  first  order  hold  instead  of  a  zero  order  hold  are 
shown  in  Figure  11  for  both  Euler  and  A-B  integration  at  T  s  .1  and  for  Euler 
integration  at  T  =  .0625.  The  corresponding  best  zero  order  hold  performance 
values  are  also  shown  for  comparison  purposes.  At  a  sample  period  of  .1 
seconds,  slightly  lower  tracking  errors  are  obtained  for  Euler  integration  with 
a  first  order  hold  than  with  a  zero  order  hold;  in  addition,  the  minimum 
performance  is  obtained  with  less  delay  compensation.  The  situation  for  A-B 
integration  and  a  .1  second  sample  period  is  the  reverse  of  that  for  Euler. 
That  is,  for  A-B  integration  the  first  order  hold  degrades  performance. 

A  possible  explanation  for  these  results  is  as  follows.  The  first  order 
hold  uses  inter sample  information  which  provides  some  lead.  For  long  sample 
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Figure  11.  Effect  of  First  Order  Hold 

•  Am  mmA  Pill  on  intoffration.  the  effective  lead  provided  is  apparently  more 
thrurinTu,  «lth  t».  higher  order  hold.  The 

beneficial  effects  of  a  first  order  hold  should  decrease  as  the  sample  period 
TMs  is  supported  by  the  results  for  T  =  .0625  which  show  no 
HI  fforence  between  the  tvo  holds.  In  the  case  of  A-B  integration  the  added 
delay  of  the  first  order  hold  dominates.  This  may  be  due  to  A-B  integration 
having  In  implicit  first  order  hold  at  the  input,  thereby  reducing  any  advantage 
in  adding  such  a  hold  at  the  output. 
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6.  SUNMARI  AND  CONCLUSIONS 


In  this  paper  we  have  examined  the  effects  of  simulation  parameters  and 
components  on  simulator  fidelity,  particularly  with  regard  to  predicting 
operator  performance  and  workload.  Our  focus  has  been  on  the  dynamical  aspects 
of  simulator  primarily  as  they  relate  to  closed  loop  control.  We  have  generally 
ignored  questions  that  would  necessitate  inclusion  of  detailed  models  for  cue 
perception  leaving  these  to  future  study. 

An  approximate  continuous  model  of  the  discrete  simulation  was  incorporated 
in  the  standard  optimal  control  model  for  the  human  operator.  The  resulting 
continuous  closed-loop  model  was  used  to  analyze  both  overall  simulation  effects 
and  the  effects  of  individual  elements.  The  results  showed  that,  as  compared  to 
an  ideal  continuous  simulation,  the  discrete  simulation  could  result  in 
significant  performance  and/or  workload  penalties.  The  magnitude  of  the  effects 
depended  strongly  on  sample  period  as  expected.  From  a  closed-loop  standpoint 
it  seemed  clear  that  A-B  integration  was  much  to  be  preferred.  With  respect  to 
the  other  simulation  components  it  can  be  said  that  any  reduction  in  delay  is 
desirable.  Such  reductions  inevitably  involve  increased  costs  (hardware  or 
software)  which  must  be  balanced  against  the  expected  improvements. 

In  addition  to  the  continuous  model,  a  hybrid  model  was  developed  to  allow 
investigation  of  situations  that  could  not  be  treated  adequately  with  the 
continuous  model.  Several  interesting  results  were  obtained  with  this  model. 
It  was  shown  that  for  this  (fairly  typical)  aircraft  control  problem  signal 
bandwidths  were  such  that  the  de-aliasing  filter  cutoff  frequency  could  be  set 
at  a  value  greater  than  half  the  sample  frequency.  Also,  there  appeared  to  be  a 
potential  under  certain  conditions  for  improved  simulator  performance  with  a 
first  order  hold  (rather  than  a  zero  order  hold).  The  model  was  also  used  to 
show  demonstrable  effects  for  adopting  the  simulator  dynamics  as  an  internal 
model.  The  need  to  compensate  for  simulator  delays  via  added  prediction  was 
also  shown. 

We  believe  the  models  developed  here  can  be  very  useful  in  developing 
engineering  requirements  for  f'light  simulators.  These  requirements  will  be 
problem  dependent  which  is  one  reason  why  models  are  needed.  As  we  see  it  now, 
the  process  for  using  the  models  would  involve  the  following  steps: 

i)  Use  standard  OCM  to  analyze  ideal  continuous  simulation  to  develop 
baseline  performance  and  to  determine  expected  signal  bandwidths. 

ii)  Analyze  distortion  introduced  by  discrete  integration  schemes  and 
develop  continuous  models  for  discrete  dynamics  valid  over  the  band  of 
interest. 

iii)  Analyze  effects  of  integration,  cue  dynamics  etc.  using  continuous 
model . 

iv)  Use  hybrid  model  to  examine  effects  of  data  reconstruction, 
de-aliasing  cutoff  frequency  etc. 
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Before  this  procedure  could  be  used  with  complete  confidence  the  models 

described  herein  need  further  validation  and  extension.  It  is  especially 

important  to  collect  data  in  a  carefully  controlled  experiment  to  veri.y  the 

individual  simulation  effects. 
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SU>iMARY 


Many  useful  mathematical  models  for  manual  control  monitoring  and 
aecis ion -making  tasks  in  man-machine  systems  have  oeen  cesigned  and 
successlully  applied.  However,  critical  comments  have  occasionally  been 
made,  mainly  by  practitioners  concerned  with  the  design  of  complex 
man-machine  systems.  They  blame  especially  models  which  seen  to  explain 
only  aata  from  abstract  subtask  experiments  designed  particularly  for  these 
mo cels . 


In  this  paper,  an  initial  approach  to  bridging  the  ran  between  the-e 
two  points  of  view  is  presented.  From  the  manifold  of' possible  human 
tasKS,  a  very  popular  baseline  soenario  has  been  chosen,  .namely  car 
ariving.  A  nierarchy  of  human  activities  is  derived  by  analyzing  this  task 
in  general  terms.  A  structural  description  leads  to  a  block  diagram  and  a 
time-sharing  co-mputer  analogy. 

The  range  ot  applicability  of  existing  rathematical  models  is 
cons;.aered  with  respect  to  the  hierarchy  of  human  activities  in  real 
complex  tasks.  Also,  other  mathematical  tools  so  far  not  often  applied  to 
man-machine  systems  are  discussed.  The  mathematical  descriptions  at  least 
briefly  consiaered  here  include  utility,  estimation,  ccntrcl,  queueing,  »nd 
fuzzy  set  tneory  as  well  as  artificial  intelligence  techniques.  Some 
thoughts  are  given  as  to  how  these  methods  mignt  oe  integrated  and  how 
further  work  might  be  pursued  . 


»  This  research  was  supported  by  the  National  Aeronautics  and 
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137 


INTRODUCTION 


uhen  designing  such  syste.?.s  as  autcsobiles,  aircraft,  power  plants, 
and  management  iniormation  systems,  it  is  very  important  to  understand  the 
numan's  role  in  the  system  and  design  the  man-machine  interface 
appropriately .  The  engineering  approach,  which  leads  one  to  represent  the 
macnirie  in  terms  of  differential  equations,  networks,  etc*  suggests  that 
tne  human  can  ilao  be  represented  as  a  set  of  mathematical  equations  for 
tne  purpose  or  systems  analysis  and  design,  ihus,  considerable  effort  has 
ceen  devoted  to  develcping  mathematical  models  cf  numan  behavior. 

i.»€spiue  the  criticisms  ct  these  who  find  the  analogy  between  humans 
ana  equations  unpalatable,  rrany  models  have  ceen  reasonably  successful 
within  the  liinitea  domains  that  they  addressed.  In  fact,  if  we  accept  the 
premise  that  human  cenavior  mainly  reflects  the  external  environment  [1], 
then  it  is  not  surprising  that  man  ana  machine  can  be  described  in  similar 
terms,  wuite  simply,  since  the  human  adapts  his  behavior  to  the  machine^ 
his  actions  become  somewhat  macnine-like .  (Of  course,  from  a  design  point 
ot  view,  one  tries  to  avoid  requiring  the  human  to  adapt  to  the  machine  to 
any  extreme  extent.) 

On  the  other  hana>  the  success  cf  models  in  limited  domains  has  not 
had  substantial  impact  in  realistically  complex  domains,  tor  example, 
manual  control  models  are  not  everyday  tools  for  the  aircraft  desi-^er. 

.'iither,  as  tne  reauer  will  see  .:anuai  control  medeis  capture  only  a  small 
portion  cf  the  total  task  of  driving  an  automobile.  rcr  these  reasons, 
designers  have  seen  Known  to  claim  that  mathematical  models  cf  human 
cenavior  are  net  particularly  useful,  ^hile  the  authors  only  partially 

agree  with  tnis  opinion,  even  as  it  relates  to  currently  available  models, 
-uon  statements  have  motivated  the  work  upon  whicn  tnis  paper  is  based. 

Within  this  paper,  the  authors  present  a  realistically  complex  task 
( i- 6  automobile  driving)  and  illustrate  the  various  aspects  of  the  task 

ay  using  written  protocols  oi  suDjects  behavior.  A  hierarchy  of  human 

activities  is  derived  by  analyzing  this  task  in  general  terns.  A 
time-sharing  computer  aiiaiog^f'  ana  block  diagram  are  presented.  Numerous 
matnematical  methcdclogies  appropriate  to  representing  such  a  model  are 
discussed,  tinaxly  the  state— of— the— art  is  sumiranzed  and  the  prospects 
are  considered  . 

A  ribALlSTlC  TAiK 


in  considering  alternative  realistic  task  domains,  the  authors 
discussed  a  variety  cf  domains  including  aircraft  piloting  industrial 
process  monitoring,  and  automobile  driving.  After  substantial  discussiai, 
it  Deca.me  quite  clear  that  the  domain  to  which  both  the  authors  and 
potential  readers  could  most  relate  was  automobile  driving. 
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The  experiment'’  involved  a  hypothetical  trip  from  the  driveway  of  one 
author’s  house  ^GJ)  to  the  home  of  the  other  author  (ViR),  Two  subjects 
participated  (GJ  and  WR).  Their  task  was  to  explain  in  detail  what  they 
would  be  doing  throughout  the  hypothetical  trip.  Each  subject 
independently  generated  a  written  protocol  of  the  trip.  The  two  resulting 
protocols  were  merged  to  produce  Figure  1, 

The  activities  in  this  figure  can  be  categorired  into  several  levels 
of  ehavior: 


1.  Reaching,  twisting,  and  listening 

2.  Steering,  accelerating,  and  braking 

3.  Looking  around  and  estimating 

4.  Updating  and  evaluating 

5 .  Planning 

6.  Reflecting  and  daydreaming 

The  authors  would  litce  to  suggest  that  a  thec’-y  cf  human  behavior  in 
realistic  tasks  should  be  able  to  model  levels  1  throuch  5.  In  pursuit  of 
this  possibility,  this  list  was  somewhat  compacted  to  yield  the  following 
aspects  cf  behavior  to  be  modeled: 


: .  Sensing  and  interpreting  inputs 

2 .  Planning 

3.  Implementing  plans 


To  consider  these  three  topics,  an  o 
the  next  section  tnd  then,  spec! 
considered  in  the  subseauent  section. 


verall  fraaeworic  will  be  discussed  in 
fic  approaches  to  aodeling  will  be 


S7?.UCTUR/>L  DEcCRIrHON 


LooKin?  at  the  hierarchy  of  human  activities  discussed  above  as 
i^f^^^^ticn  processing  activities,  a  tiae—sharihe  ccaputer  analoizv  seems  to 
be  a  very  appealing  approach  to  understanding  the  "structural 
interrelationships. 

Figure  2  shows  a  sketch  of  such  a  time-sharing  computer  analogy. 
There  are  several  possibilities  for  the  central  nervous  system  (CNS)  to 
interact  with  the  peripheral  input  a.nd  output  devices  (i.e. .  the  sensory 
and  tne  motor  systems  including  speech  generation).  The  CNS  is  viewed  as 
being  divicea  into  an  operating  system  and  four  classes  of  jobs,"  i.c., 
program/data  files  (sec,  e.g.,  liij,  [3])*  Hereby,  a  multi— processor  system 
allowing  a  mixture  of  paraliel  and  serial  information  processing  is  most 
likely  to  oe  a  reasonable  assumotion  for  the  human  operator  [A]. 

The  operating  system  is  responsible  for  scheduling  the  programs  in  a 
time-shared  manner  by  using  a  priority  interrupt  policy.  Conflicting 
criteria  with  respect  to  priority  have  to  al.so  be  evaluated  by  the 
operating  system.  <■  This  .might  be  a  crucial  task,  especially  in  urgent 
situations.  ' 
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f  igure  1 :  Protocol  for  Typical  City  Trip 
iNSEliT  Kbl  IK  ICiNIlIOK 
fUT  a<  SEAT  £r.LX 

PRESS  HAS  PEDAL  TO  PLOOR  AND  AL.-OST  TOTALLY  RELEASE 
i  u  hl<  K  Ex 

LISTtN  FOR  ENOiNE  SOUND 

IF  SO,  THEN  GIVE  GAS 
lLSE,  stop  and  go  back  TO  KST 

V.A1T  rOR  CAR  10  **ARPi  UP  -  DAYDf.EAM 

LOOK  AROUND  -  SEE  IP  I  CAI*  BACK  UP  OKAY  -  INCLUDES  USING  PiIRhORS 
IF  SO,  then  put  car  IN  REVERSE 
ELSE,  WAIT  FOR  ALL  CLEAR 
fUT  nlGHT  ARM  ON  SEAT  BACK  SO  AS  TO  SEE  EElTtR 
SitER  WiTli  LEFT  ARM,  hCCELERATE  AND  BACK  CNIC  STREET 
UETEni-aKE  WHEN  CLEAR  TO  Go  FGR'..ARD  -  STOP  BACKING  UP  -  PRESS  BRAKE 
fUT  oAh  IN  OtdVt 

LOOn  around  *•  SEE  Ir  I  CAN  PROCEED 
IP  SO,  ACCiiLERATE 
ELSE,  WAIT  FOR  ALL  CLEAR 

LIt-aT  SPEED  SINCE  S'T’OP  SIGN  OOHING  UP  -  CONTINUE  LOOKING  AROUND 
STEEn  SO  AS  TO  STAY  SORT  OF*  IN  LANE 

hSilHATE  DISTANCE  TO  STOP  SIGN  -  CHECK  FOR  TIh£  TO  DECELERATE 
IF  SO,  kEi'iOVE  FOOT  PROM  GAS  AND  OVER  TO  BRAKE 

tLSE,  UPDATE  ESTIMATE  Of  DISTANCE  -  CONTINUE  LOOKING  AROUND/STEERING 
TURN  ON  LtPT  DIRECTIONAL 

whEN  fAlRLY  OLO^i  TO  STOP  SIGN,  PUSH  BRAKE  HARDER  AND  STOP 
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LOOK  Lc.fl  AND  IttGhT  fOH  THAFFIC 

IF  NONE  TOO  CLOa  (KSTINATt  If  I  CAN  MAKE  IT)  ACCELERATE  TURN  LEFT 
E„SE,  WAll  FOR  ALL  CLEAR  AND  CONTINUE  UPDATING  ESTIMATES 
:>TiiAiGhTtN  OUT  SO  AS  TO  KEEP  “iORT  OF'*  IN  LANE 

ACCELfiRAIE,  BUT  NUT  TOO  MUCH  BECAUSE  STOP  SIGN  COMING  UP 
look  around  at  THAfFIC  -  ALSO  AT  HOUSES  AND  YARDS  -  DAYDREAM 
aXECUTE  STOP  SIGN  ROuHNE  -  ONE  FOR  STOPPING  -  ONE  FOR  STARTING 

-  USE  fOUR-NAY  STOP  SIGN  ROUTINE 
fcXECUTE  ENROUTE  hOUnNK  -  INCLUDING  TALKING,  SIGHTSEEING.  ETC. 

PLAN  ROUTE  -  WhAX  STREETS  TO  TAJCE 


EXbaiE  STOP  SIGN/STOP 


LIGHT/TURNING/PASSING/LANE 


CHANG LNG  ROUTINES 


LOCK  AROUND  FOR  APPROPRIATE  PARKING  SPACE 

IF  ONE  FOUND>  DETERMINE  PLAN  FOR  GETTING  INTO  IT 

ELSE,  CONTINUE  LOOKING  -  CONTINUE  LOOKING  AROUND  AND  STEERING 

EXEaiE  PLAN  CPEN-LOOP,  WITH  FINAL  UPDATES  AS  ERRORS  CAN  BE  ESTLMATED 
PUT  CAR  IN  PARK 

TURN  OFF  RADIO  HEATER,  ETC.,  IF  APPROPRIATE 
TURN  OFF  KEY 
HEf'iOVE  KEY 
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ifte  four  clashes  of  fcro^rair/data  files  relate  to  a  centra l-nervous 
representation  cf  tasks  the  human  operator  has  to  perform.  Each  of  these 

prcgrau.  classes  is  struct  urea  into  main  programs  ana  interrelated 
suorcutires  • 


Class  :^o.  I 
tasks  and  looking 
output  activites, 
(e«^*.^  in  reachir 
input-output  relat 
tasks  •  All  three 
perhaps  carrlea  ci 
initiate  ana  su; 
aaaptive  control 
accompiishea  by  th 


comprises  input-related  programs,  e.g.,  r.uman  nonitorinjr 
around  procedures.  Class  t<o.  2  is  similarly  related  to 
e.g.,  the  structural  crganizatioi  cf  motion  patterns 
ig;  and  speech  •  Class  f]o.  3  profirrams  describe  strict 
icnships  as  in  tracking-type  control  and  choice -react ion 
Classes  contain  programs  with  a  high  level  of  autonomy 
c  oy  peripneral  processors,  fhe  cperatina  system  has  to 
ervise  these  autonomous  processes  •  Additionally,  the 
of  the  sampling  process  in  parallel  tasics  has  to  "be 
e  operating  system  • 


^  Class  .;o.  i  represents  the  long-term  memory  of  tne  human  which 
inciuaes  a  ^nowlecge  base  of  facts,  models,  and  procedures.  The  prorrams 
CI  cl^s  t.c.  4  are  concerned  with  internal  processes  such  as  reflectine 
ana  planning  whicn  nave  access  to  the  knowledge  base,  thereon  ocoasioially 
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codifying  it.  i'ne  operating  system  is  responsible 
tne  Knowledge  base  (see^  [5J)  13J)* 


for  searching  through 


ihe  time-sharing  computer  analogy  outlined  here  is  mainly  as sure d  as  a 

outlined  . 


figure  3:  hierarchical  Multi-Level  Structure  of  Kunen  Activities 


Lower  level  processes  (bottom  of  figure  3)  are  normally  =^r^ 
hv  events  occurrine  at  a  high  frequency  as  compared  to  higher  level 
oroces^?  (to“  of  figure  3).  ihis  refers  to  different  time  scales  for 
different  levels.  However,  because  lower  level  processes  may  be 

autonomous,  the  difference  in  time  scales  does  not  mean  that  these 
processes  have  to  be  considered  by  the  operating  system  more  frequently. 

In  fieure  3,  planning  is  denoted  as  a  major  activity.  With  data  from 
tne  Knowledge  bise  and  those  frcm  lower-level  looking  around  procedures, 
sometimes  influenced  by  higher-level  reflecting,  planning  is  tne 
•development  of  procedures  to  achieve  overall  goals  and  suogoals  for 
fow^r-J^el  processes  .  modifying  the  knowledge  base  as  well  as 

2oal-setting  for  controlling  and  reaching  are  shown  as  examples, 
uortrollini  itself  is  also  best  described  as  a  multi-level  structure,  oeing 
a  subset  0?  the  overall  multi-level  structure  of  Figure  3.  Controlling  and 
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reaching  procedures  result  in  output  actions  of  the  hunan  operator  via 
response  veneration  v^hicn  refers  to  the  peripheral  output  devices  in  Fi^rure 
2  •  Oorresponuingly ;  the  peripheral  input  devices  ot  Figure  2  extract 
task-relevant  teatures  irora  sensory  input  information#  Ihis  process  is 
very  closely  linked  witn  lookina:  around  procedures  which  are  also  indicated 
in  i*  ivure  5  • 


MAlhfcFiATICfiL  F'ODaS 


:Sensinc  and  Interpreting  Inputs 

rteconsiderinv  the  task  analysis  of  car  driving,  now  does  the  driver 
recognize  stop  signs,  other  cars,  children,  etc?  tould  one,  at  least  in 
theory,  develop  an  ai^vorithm  that  successfully  perforns  tnese  aspects  of 
arivini? 

To  pursue  this  question,  the  literature  of  -at tern  reoovnition  and 
artiiiciai  intellisence  was  considered.  Fortunately,  the  literature  in 
tnese  areas  has  recently  ceen  summarized  in  tne  Systems,  Man,  and 
oybernetics  Review  [oj,  oy  Skiansky  17],  and  in  books  by  kinston  [6],  [9] 
:cr  pattern  recognition  and  artificial  intelligence  respectively. 

;wc  approacnes  to  pattern  recognition  have  received  particular 
attention:  *  statistical,  method':  and  syntactical  methods#  ihe  statistical 
.lie  thOuS  use  discrimirent  functions  to  classify  patterns.  ihis  involves 
extractiriA;  a  set  of  features  from  the  pattern  and  statistically  determining 
now  close  this  feature  set  is  to  the  a  priori  known  features  of  candidate 
classes  ot  patterns*  Tne  class  wnoce  features  most  closely  .match  '  the 
r.ieasurec  features  is  cncsen  as  the  .match  to  the  pattern  of  interest,  with 
01  course  some  consideration  given  to  the  a  prion  probabilities  of  each 
class  and  the  costs  ci  errors. 

The  syntactic  methods  partition  each  pattern  into  subpattems  or 
pattern  primitives.  It  is  assumed  that  a  Known  set  of  rules  (a  t^rammar)  is 
used  to  compose  primitives  into  a  pattern,  one  approach  to  reoovnizing 
primitives  is  to  use  the  statistical  approach  noted  above  • 

Another  aspect  cf  pattern  recogniticn  involves  ima^^e  processing, 
nere,  each  picture  point  (pixel)  is  classified  according  to  gray  level, 
ihen,  thresholds  are  used  to  segment  the  picture.  More  elaborate 
approaches  use  mult i-diTensional  classification  of  each  pixel  and  then.,  use 
an  appropriate  iMult i-dime nsicna  1  clustering  of  similar  pixels. 

/artificial  intelligence  researchers  have  devoted  considerable  effort 
to  scene  analysis.  with  emphasis  on  understanding  scenes  composed  of 
comewnat  aroitrary  coilectiens  of  clocks,  jetheds  have  been  developed  to 
pick  parcicuiar  olocr.s  out  of  scenes,  even  ir  the  desired  block  is 
partially  riLdaen. 

Most  01  the  methods  discussed  above  have  worked  reasonably  well  within 
Limited  aomains.  ^.hen  the  context  witiiin  which  one  is  working  is 
weii-uncerstcoa,  it  is  often  possible  to  successfully  sense  and  interpret 
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inputsi  althouf^i  considerable  computational  power  may  be  needed- 


White  the  advent  of  inexpensive  microelectronics  might  allow  one  to 
utilize  large  amounts  of  computational  power  in  a  model  of  human  sensinv 
a  a  interpretation  of  data,  there  are  bigger  problems  to  be  solved 
wSt^a’huL^*  difficult  to  deal  with  realistic  contexts  in  a  static  manner.’ 
What  a  human  sees  depends  on  what  he  is  looking  for,  what  he  expects  to 

of  seeina  cannot  be 

iSclved  context  and  without  reference  to  the  specific  individual 


^"'Instigators  have  considered  the  issue  of  how  the  human 
allocates  his  attention  among  multiple  displays  flO]  fill  fiPl  ri*:'! 

114  .  uowever,  these  models  have  -only  %een  \eLted  in  '  f^irli 

™r  Situations  ana  thus,  are  as  yet  unproven  in  realistically 

omplex  tasks.  Further,  it  is  by  no  means  obvious  that  these  models  wi' 1 

zi:.:: s::n:rii:  apper^rn\\%^ 

of  ^  mathematical  theory  of  human  sensing  and  interpreting 

this  available,  especially  if  one  would  like  to  program 

tnis  theory  to  drive  a  car.  On  the  other  hand,  the  disciplines  of  pattern 
recognition  and  artiiicial  intelli.gence  are  beginning  to  succLd  ’n 
speciiic  applied  domains  such  as  industrial  inspection  [15]  [161  an^ 

^dical  diagnosis  [17].  Perhaps  a  concatenation  of  specific  si^ccesscs  wiU 


Planning 

studying  the  task  analysis  of  car  driving,  it  is  reaaily  apparent  that 
much  of  the  subjects  conscious  activities  were  devoted  to  developing 
initiating,  and  monitoring  plans.  This  observation  agrees  with  analyses* of 
verbal  protocols  in  several  other  task  domains  [1].  in  fact  one  might 

ZTZ  SlfuSd.''''*^’'"  P^'-P^seful  activity  for  which  there  are  goals 

To  discuss  planning,  one  first  must  emphasize  the  distinctior  between 
the  process  of  developing  plans  and  the  process  of  executing  plans  fun 
Within  this  section  only  plan  development  will  be  considered  while  the 
following  section  will  discuss  plan  execution.  Cne  way  to  illustrate  the 
difference  between  these  two  activities  is  to  characterize  plan  dfvSopm^St 

as  a  problem  solving  activity,  while  plan  execution  is  looked  at  a^  a 
program  execution  activity  [ 1] .  iookcc  am  as  a 

One  develops  a  plan  in  hopes  that  its  execution  will  achieve 
grals  .  While  one  usually  accepts  the  overall  goal  as  given  (e  v  t-w 

aircraft),  the  process  of  developing  subgoals  is  often  left  to^the  hum^n^ 
ihe  partitioning  of  goals  into  subgoals  and  then  subgoals  into  lesser 
iiUDgoalSj  etc.  reflects  a  hierarchical  mode  of  planning  that  has  rerpi  van 
considerable  attention  [19],  [20].  ^  '  received 
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The  hierarchical  approach  allows  one  to  develop  plans  that  are  broad 
and  sketchy  as  opposed  to  detailed  and  concise.  Thus,  low  level  subgoais 
can  be  temporarily  ignored  until  their  immediacy  demands  attention, 
^jimilarly,  future  actions  which  require  preconditions  that  are  not  as  yet 
assured  can  perhaps  be  temporarily  ignored  if  one  feels  that  the 
environment  is  hospitable  to  one's  goals  L20]. 

On  the  other  hand,  low  level  subgoals  must  eventually  be  dealt  with. 
Then,  a  concise  system  dynamics  modex  such  as  Carbone  11* s  probably  provides 
a  reasonable  description  of  human  behavior  [21].  This  model  assumes  that 
the  human  is  aealing  with  a  system  describable  by  quantitative  state 
transitions  and  amenable  to  quantitative  oontrol  actions. 

isuch  low  level  planning  is  probably  unconscious,  from  the  perspective 
01  a  computer  analogy,  one  might  say  that  high  level  conscious  planning  is 
like  executing  an  interpr-eted  program.  (An  interpreted  program  is  one 
where  the  computer  consciously  has  tc  interpret  tne  meaning  of  each 
statement  as  it  is  executed.)  On  the  other  hand,  low  level  unconscious 
piarjiing  is  similar  to  executing  a  compiled  program  [1j.  In  fact,  it  might 
oe  claimed  that  low  level  planning  cannot  really  be  called  planning, 
insteaa,  such  activities  are  only  the  details  of  implementation,  which  are 
aiscussed  later  in  this  paper. 

Planning  appears  to  induce  the  following  aspects: 

1.  Generation  of  alternative  planSj 

2.  Imagining  of  consequences, 

3.  Valuing  of  consequences, 

4.  Choosing  and  initiating  plan, 

5.  Monitoring  plan  execution, 

6.  l-ebugging  and  updating  plan, 

where  the  latter  three  aspects  deal  with  observing  plan  execution  and 
subsequent  replanning,  but  not  with  actual  implementation^ 

how  might  one  model  the  generation  of  alternative  plans?  One  can  look 
at  a  plan  as  a  linked  set  of  subplans  [20].  however^  at  some  level, 
subplans  must  be  specific,  in  many  tasks,  the  alternatives  are  clearly 
defined  at  the  outset.  On  the  other  hand,  there  are  many  interesting  tasks 
(e.g.,  engineering  design)  where  the  human  must  create  alternatives.  In 
such  cases,  humans  usually  first  consider  alternatives  that  have  been 
successful  in  previous  situations. 

une  might  use  Newell*  s  pattern-evoked  production  systems  as  a  model  cf 
now  the  human  accomplishes  this  search  for  alternatives  [1].  A  production 
is  a  rule  consisting  of  a  situation  recognition  part  that  is  a  list  of 
tnings  to  watch  for,  and  an  action  part  that  is  a  list  of  things  to  do- 
(The  word  "production”,  as  it  is  usea  here,  has  absolutely  nothing  to  do 
wiui  tne  manufacturing  connotation  of  the  word.) 
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As  an 
provide  a 
ap propriate 


alternative  to  production  systems; 
reasonable  model;  A  script  is 
sequences  of  events  in  a  particular 


the  idea  of  scripts  might 
a  structure  that  describes 
context**  [22]. 


The  ideas  of  production  systems  and  scripts  are  ooth  related  to  the 
iaea  of  the  human  having  an  internal  model,  however,  as  the  reacer  will 
ree,  it  is  very  different  from  the  type  of  model  assumed  in  the  system 
dynLics  domain.  «amely,  productions  and  scripts  provide  fo.recasts  of 
typical  consequences  rather  than  models  of  internal  state  transitions. 


Sometimes  a  n^w  alternative  is  needed  and  it  is  very  difficult  to  say 
how  a  totally  new  idea  is  generated.  Linking  the  idea  of  associative 
memory  1^3],  [24]  witn  the  idea  oi  production  systems  or  scripts,  one  can 
conjecture  that  new  ideas  are  generated  when  the  criterion  for  matching  the 
new  suhgoal  witn  past  experiences  is  relaxed  ana/or  non-standard  features 
of  the  situation  are  emphasized. 


Lona-tem  plans  that  will  not  be  immediately  implemented  are  probably 
ceveloped  at  the  highest  level  in  the  goal  hierarc.ny  with  only  Tajcr  goals 
consiuerea.  :>uch  a  plan  might  be  a  somewhat  vague  verbal  statement  or 
pernaps  a  snetcn  of  activities  and  relationships.  It  is  interesting  to 
speculate  upon  (and  perhaps  research)  what  plans  look  like  in  t..e  mind  s 
eye.”  ror  example,  are  plans  list-like  cr  ^are  they  more  spatial,  such  as 
Warfield  s  interpretive  structural  models  [25]. 

:jhort-tenn  plans  that  will  require  immediate  implementation  cannot  be 
quite  so  sketchy.  In  this  case,  the  human  has  to  consider  ^specific 
actions.  One  wcu^a  probaoiy  be  .reasonably  successful  in  mcdeling  this  type 
of  plan  using  production  systems*  in  this  case>  specific  teatures  of  the 
environment  would  automatically  evoke  particular  responses.  This  type  oi 
behavior  falls  into  the  category  of  class  No.  3  programs  as  defined  in  the 
time-sharing  computer  analogy  introduced  earlier.  Realistic  examples  of 
application  of  this  idea  include  aircraft  attitude  instrument  .lying  [-.  ^ 
and  air  traffic  control  [27]. 


Given  a  set  oi  candidate  plans,  the  human  must  forecast  or  imagine  the 
consequences  of  implementing  each  plan,  une  mig.dt  assume  that  the  human 
performs  some  type  of  mental  simulation  of  the  plan.  For  example,  the 
human  mignt  use  his  current  perception  of  the  system  dynamics  to 
extrapolate  tne  system  s  state  as  a  function  of  planned  control  strategy, 
nouse  has  aevelopea  a  model  that  describes  this  type  oi  oehavior. 
iiuccinctly,  the  model  assumes  that  tne  human  has  both  a  long-term  and 
short-term  model  of  the  system  with  which  he  is  ceaiing  and,  that  he  uses  a 
compromise  between  the  two  state  precictions  obtained  from  these  models  as 
a  basis  for  decision  making  [28] . 

however,  when  plans  are  sketchy,  at  least  in  terms  of  intermediate 
preconaitions,  the  human  probably  does  not  actually  calculate  consequences 
out  insteac  simply  maps  plan  features  to  previously  experienced 
consequences.  Then,  until  evidence  forces  him  to  reject  tne  assumption,  he 
assumes  these  previously  experienced  consequences  will  prevail.  This  type 
of  behavior  is  represented  quite  nicely  by  the  scripts  concept  [22]. 
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Imagined  consequences  are  then  compared  to  pals,  ror  low  level 
pianSj  the  comparison  might  be  based  on  a  well-aefined  criterion  function, 
however,  this  is  probably  not  the  case  for  high  level  plans.  Since  high 
level  goals  ana  imaginea  consequences  may  oe  verbal  and  rather  vague,  it  is 
likely  that  the  human  only  tries  to  satisfice  rather  than  optimize.  One 
might  represent  this  phencrnencn  using  multi-attribute  utility  functions 
Lc9j  that  have  broad  optima.  Alternatively,  concepts  from  fuzzy  set  theory 
L50j,  iSlJ  might  oe  used  to  consiaer  the  membership  of  a  set  of 
consequences  in  the  fuzzy  set  of  acceptable  consequences.  The  utility 
function  approach  is  probably  appropriate  if  one  assumes  tnat  the  human  has 
a  lairly  precise  knowledge  of  the  possible  consequences,  and  subsequently 
values  some  more  than  others*  On  the  other  hand,  the  fuzzy  set  approach 
would  seem  to  oe  applicable  to  situations  where  tne  human  r  perception  of 
the  consequences  is  actually  fUzzy. 

Ihe  human  chooses  the  most  satisfactory  plan  and  initiates  its 
execution.  If  none  of  the  available  plans  meets  an  acceptable  level  of 
satisfaction,  the  human  either  tries  tc  debug  the  set  c:  plans  under 
consiaeration  or  perhaps  tries  tc  develop  new  plans.  Debugging  of 
partially  taiiea  plans  may  initially  involve  local  experimentation  to 
determine  the  cause  of  plan  failure  rather  than  a  global  reevaluation  and 
complete  replanning  L32j.  One  approach  to  modeling  debugging  or 
trouDle-shccting  of  plans  is  with  fuzzy  set  theory  [33]. 

Assuming  tnat  a  plan  has  been  initiated,  the  human  monitors  its 
execution  ana  only  becomes  involved  (in  the  sense  of  planning)  if  the 
unanticipated  occurs  or  execution  reaches  the  point  that  some  phase  of  the 
plan  must  ;:e  more  concisely  cefined.  honitoring  for  the  unexpected  might 
be  modeled  using  production  systems  tnat  trigger  when  the  preconditions  are 
not  satisfied.  Other  approaches,  based  on  filter  theory  [3^J  or  pattern 
recogniticn  methods  L35j,  are  also  available  but  beyond  the  scope  of  the 
aiscussior.  here. 


Once  the  unexpected  has  been  detected,  planning  might  shift  into  the 
aoove  mentioned  debugging  mode.  On  the  other  hana,  the  need  to  shift  from 
sxeteny  tc  concise  planning  may  involve  abandoning^  for  the  moment,  the 
oroad  hierarchical  mode  and  shifting  to  a  detailed  partially  pre-programmed 
rrio  de . 


How  do  ail  these  bits  and  pieces  fit  into  an  overall  model  of 
planning?  while  it  does  seem  that  the  hierarchical  approach  to  planning 
cornhined  with  the  production  system  and  script  ideas  provide  a  reasonable 
framework,  the  state-of-the-art  certainly  does  not  allow  one  to  construct  a 
context-free  planning  model  in  the  form  of  an  executable  computer  program, 
'ihis  may  oe  an  inherent  limitation  if  one  accepts  the  premise  that  much  of 
human  behavior  is  merely  a  reflection  of  the  task  environment  [1].  If  this 
premise  is  true,  then  one  should  be  very  careful  that  laboratory 
abstractions  capture  a  sufficient  portion  of  the  real  world  environment  and 
thereby  allow  results  to  actually  be  transferable.  Otherwise,  one  is  only 
developing  a  theory  of,  human  behavior  in  lajoratcry  games. 
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hS  a  final  comment  on  planning^  a  very  important  issue  concerns  the 
level  at  which  one's  study  of  planning  pehavior  should  be  addressed.  While 
an  approach  at  the  neuron  level  [36]  max  eventually  lead  to  a  successful 
model  of  human  planning  behavior,  such  an  approach  is  unlikely  to  lead  to 
success  in  the  near  future.  iHternatively,  one  mi?ht  try  to  develop  models 
that  explain  or  predict  whether  or  not  a  plan  will  be  successful.  Powever 
this  type  of  nwdel  would  yield  little  information  about  the  planning 
process.  It  seems  that  one  must  approach  studies  on  the  conscious  plann-'n? 
level  using  either  verbal  protocols  [1],  [37],  [;d]  or  at  least '  methods 
that  require  plans  to  be  explicitly  measurable.  Then,  the  variety  of 
approaches  to  modeling  discussed  in  this  section  can  be  applied  to 
describing  the  planning  process  . 

IMPLEMENTING  PLANS 


Implementing  plans  refers  to  .human  action,  mainly  controlling  and 
reaching  in  the  multi-level  structure  of  figure  f.  Two  basic  approaches 
for  mathematically  describing  these  actions  can  oe  distinguished  The 
first  approach  incluoes  time-line  analysis,  queuein-  tneory,  and  simu’latlon 
techniques,  whereas  the  second  includes  the  control  theoretic  aocroach  <n  - 
more  general  sense.  ’  ‘  « 


In  time-line  analyses,  the  execution  times  of  all  particular  task 
elements  of  a  certain  multi-task  situation  are  assessed  as  well  the 

total  task  time  needed  [39],  [40],  [41],  [ii2].  ?v- liable  time  .mar-c^irs  cr 
expeoted  ti.me  pressure  of  tne  human  operator  can  be  calculated  in-order  to 
estimate  total  task  system  performance  and  human  c|:e.''ator  workload.  This 
method  has  been  applied  to  evaluating  rather  com.nlex  r.a.n-machi.ie  systems  bv 

taking  these  apart  in  very  much  detail,  e.g.,  to  the  level  of  reachine 
ti-mes  for  single  switc.hes.  reacning 

A  related  but  more  analytical  approach  is  the  cueuein^  thec-efic  one 
111,  U2J,  [43],  [44],  [45],  [46],  [47J.  It  is  suitable  not  onlv  ?or 
analysis  but  also  for  design  purposes.  The  different  tasks  of  a 
multi-task  situation  are  considered  as  oustome.-s  in  2  cueue  waiUpv  to  be 
servicec.  Arrival  and  service  rates  as  well  as  the  waitins  ti.me“fo-  the 
tasks  a.'-e  characteristic  measures.  .Service  with  a  priority  policy  is 
possible.  Also  seve.-al  servers  Ce.  g. .  the  human  crerator  and'a  computer) 
.may  sha.”^  responsibility  for  the  total  task.  '  ' 

Eoth  approaches,  time-line  analysis  and  queueing  theory,  look  at  ‘■he 
implementation  of  actions  in  terms  of  time  e.xoenditure .  If  the  accuraov'”of 
the  actions  is  also  to  be  taken  into  account,  these  methods  have  to  be 
combined  with  others.  Simulation  techniques  see.m  to  be  a  reasonable 
approach  w.here  .micro-subroutines  simulate  dyna.mically  such  human  operator 
be.haviors  as  short-term  memory  recall  and  movement  of  hands  and  feet  [481. 
This  leads  back  to  the  time-sharing  computer  analogy.  A  goal-oriented 
priority  interrupt  structure  for  handling  ail  tasKs  appropriately  in  a 
multi-task  situation  is  most  promising.  However,  this  results  in  a  more 
artificial-intelligence  oriented  simulation,  using  heuristics  and  data 
.candling  algorith.ms,  rather  than  an  analytical  description. 
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A  different  aooroach  for  the  description  of  huran  actions  in 

ssn-nadiine  systems  applies  control  theory.  Models  for  continuous  manual 
control  are  well  established.  Numerous  summaries  in  the  forms  of  reports 
and  books  exist  (e.g.,  [49],  [50],  [51]).  Most  popular  are  the 

quasi-linear  and  the  optimal  control  models.  The  quasi-linear  models 
describe  the  human  control  behavior  by  some  task-specific  modification  of  a 
generalized  transfer  function  which  is  best  satisfied  in  the  crossover 
frequency  region  for  many  controlled  element  dynamics.  In  addition,  an 
internal  human  noise  source  (the  remnant)  summarizes  the  portion  of  the 
human's  output  which  cannot  be  explained  linearly. 

The  optimal  control  model  [52]  includes  two  noise  sources  and  also  has 
3  time  delay  and  a  neuromuscular  lag  term  with  a  time  constant  similar  to 
that  of  the  quasi-linear  model.  A  Kalman  filter  estimates  the  states  of 
the  controlled  element,  whereas  a  predictor  comoensates  for  the  time  delay. 
The  optimal  gains  are  calculated  with  resoect  to  a  criterion  function  which 
is  a  weighted  sum  of  mean  squared  values  of  state  and  control  variables. 

The  control  theory  models  have  been  applied  in  several  domains 

Including  aircraft  piloting,  automobile  driving,  ship  pilot*n?,  and 
anti-aircraft  artillery.  Further,  several  display  design  methodologies 
have  been  developed.  A  recent  special  issue  of  ijumas.  reviews  many 

applications  of  control  theory  .models  [53]. 

V<ith  both  the  crossover  occel  and  the  optimal  control  model,  a 
stochastic  reference  input,  either  forcing  function  or  disturbance,  has 
been  assumed.  Therefore,  these  models  are  mostly  applicable  to  the  inner 
Icoos  of  manual  vehicle  Guidance  and  control  tasks.  In  the  case  of  the 
optimal  control  model,  key  elements  of  this  have  also  been  appA^ed  to 
monitoring  and  dec is  ion -making  tasks. 

Many  realistic  tasks  exist,  however,  in  which  deterministic  inputs  are 
iomirant.  Taking  the  baseline  car  driving  scenario  as  an  example,  a  more 
complicated  deterministic  input  exists,  i,e. ,  the  course  of  the  street. 
For  this  task,  a  two-level  model  has  beer,  proposed  which  has  a  closed-looo 
staoilizaticn  controller  and  an  anticipatory  open-looo  guidance  controller 
working  in  parallel  [54],  [55].  The  perceptual  aspects  of  the  anticipation 
of  changes  in  the  course  of  the  street  have  been  explained.  However,  it 
r.as  been  assumed  that  “rhe  driver  tries  to  eliminate  all  deviations  from  the 
middle  line  of  the  street. 

To  overcome  this  simplification,  the  street  might  be  viewed  as  a 
target  tube  in  which  che  crlver  is  allowed  to  move  his  car.  Interestingly 
e.nough,  many  other  human  control  tasks  in  vehicle  guidance  and  industrial 
crocess  control  also  require  controlling  the  state  of  the  system  within  a 
tarvet~tube  rather  th.an  along  a  single  reference  line.  Such  a  criterion 
cakes  these  tasks  much  more  relaxed  than  cne  often  assumes  in  man-machine 
systems  experiments  . 

Reviewing  the  control  theory  literature,  some  applicable  methods  for 
controlling  within  a  target  tube  were  found.  They  have  never  been  used 
with  man-machine  systems  problems.  One  approach  assumes  a  criterion 
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1  nn  pprors  bv  taking  the  fourth  power 

function  which  puts  less  weig*  oower  as  in  the  optimal  control  model 

the  error  instead  of  the  second  power  3o  in  une 

^  unknown-but-bounded  control  [^7J> 

.».er  ax.  ax.,.. 

disturoances . 

X. 


-c^ure  U:  Schematic  Presentaticn  of  the  .State  of  the  System  (X) 
as  Affected  by  the  Action  o:  tne 
Controller  (C)  to  Counteract  Disturbances  (N)  for 
Reachability  of  a  Target  luce 
(from  l57]) 

The  unknown-but-bcunded  control  approach  ocmtines  state  variable  with 
ef  ^h^.o^etic  descriptions.  Due  to  the  higher  -nathematical  effort,  this 
set  been  applied  in  automatic  control  situations. 

It  “/r=’TonLhU.  to  ooosioer  t»io  aptroach  In  «.alln. 
Dioloeical  or  sociolozical  systems.  Human  behavior  in  ger.eral  is 
aSi!oS.nta<.  an.  tha  ioal  is  va^  often  oeflne.  as  br.noins  or  k.e.no 
some  state  variables  within  a  certain  target  set  or  target  tube. 

Ir  the  baseline  scenario,  the  tarvet  tube  of  Figure  «  would  be  the 
•  street  or  one  of  its  lanes.  The  effective  target  tube  is 

'"t^nLw  bv  the  driver  as  an  area  insiae  of  which  no  control  actions  are 
Lces*ary^(see  linear-plus-dead-band  control  laws  in  Glover  and  Schweppe 
[58])'’  ^Planning  the  effective  target  tube  might  also  include  some 
Whe^er  the  unknown-but-bounded  control  approach  can  be 
roL^ner-witJ'luSy  set  theory  which  has 

inSistrial  process  control  [60]  has  not  as  yet  been  investigated. 

...o-thPr  snterestinz  issue  is  the  notion  of  the  internal  model  which- 
has  been  corfsidered  to  seme  extent  in  the  discussion  of  the  planning 
Tn  -odeling  how  the  human  chooses  amonz  alternative  courses  of 
aor  iS!'an  irJportant"  issue  concerns  whether  the  human  possesses  a  correct 
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internal  socel  of  his  environment  or,  whether  the  model  is  incorrect  as  in 
learning  situations  or,  very  acproximative  as  in  large-scale  systems  (see, 
e.g. ,  [61]).  The  process  of  building  up  an  internal  model  during  learning 
ana  how  to  use  it  by  changing  control  laws  or  choosing  among  different 
kinds  of  control  laws  in  time-varying  systems,  should  be  further 
investigated.  The  literature  on  adaptive  manual  control  shows,  for 
example,  that  the  models  assume  a  set  of  predetermined  control  laws  matched 
with  a  set  of  different  system  dynamics  (see  e.g.,  [62]). 

This  leads  to  the  idea  of  a  memory  for  motor  patterns.  Instead  of 
having  an  input-output  transfer  behavior,  the  human  operator  initializes 
predetermined  motor  patterns  in  many  situations.  These  patterns  are 
slightly  corrected  during  their  actual  execution  (see, e.g.,  [63]).  Good 
examples  are  walking,  bicycle  riding,  and  piano  playing.  Plso,  the 
coordination  and  timing  of  a  series  of  discrete  rranual  control  actions, 
e.g.,  in  trouble-shooting  tasks  or  in  checking  procedures  of  aircraft 
pilots  or  process  operators,  can  be  explair^ed  by  predetermined  motor 
patterns. 


DISCUSSION  AND  CONCLUSIONS 


In  ccnsiaering  various  approaches  to  tying  ail  of  the  discussions  in 
this  paper  together,  the  authors  found  the  diagram  in  Fissure  5  to  be  most 
useful.  This  diagram  is  a  variation  of  a  diagram  discussed  by  Johannsen 
[64]  for  /ehiole  :cr.trol  tasks  and  Sheridan  l197cj  for  numan  control  of 
vehicles,  chemical  plants,  and  industrial  robots. 


Human 


Figure  5:  Hierarchy  of  Human  Behavior 
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This  diagram  can  be  used  to  represent  weli-deflred  man-machine  systems 
tasks  such  as  those  discussed  by  Johannsen  [64]  and  Sheridan  [65]  as  well 
as  less  well-structured  tasks.  For  example,  goals  could  mean  success  in 
life,  plans  could  mean  a  career  outline,  subplans  could  mean  a  scheme  to 
succeed  in  a  specific  job,  and  actions  could  mean  one's  daily  activities. 
Thus,  the  diagram  has  broad  applicability. 

How  can  one  ar^alyt ically  deal  with  such  a  general  description?  If  one 
looks  at  control  theory  with  a  very  general  perspective  that  includes 
control  with  respect  to  continuous  events  as  well  as  discrete  events,  then 
one  can  subsume  most  analytical  methods  (e.g.,  linear  systems  theory  and 
queueing  theory)  within  the  category  of  control  theory.  This 
generalization,  ana  willingness  to  expand  the  set  of  tools  one  utilizes, 
enables  quantitative  analysis  of  a  larger  portion  of  the  hierarchy  of 
behavior. 


However,  there  are  limits  to  context-free  analytical  modeling.  First, 
there  is  the  very  important  idea  that  human  behavior  mainly  reflects^\he 
task  environment.  Thus,  searching  for  a  specific  analytical  model  of 
general  human  behavior  may  only  be  fruitful  to  the  extent  that  all  task 
environments  are  common.  Pernaps  then,  one  should  first  search  for 
commonality  among  environments  rather  than  intrinsic  human  characteristics*. 
In  other  words,  a  good  model  oi  the  demands  of  .  the  environment  may  allow  a 
I  easonable  initial  prediction  of  human  performance.  Thus,  it  is  reasonable 
uO  initially  assume  tnat  the  human  will  adapt  to  the  demands  of  the  task 
and  perform  accordingly. 


A  secona  limitation  to  analytical  modeling  is  due  to  the  human’s  1 
of  analytical  thinking,  especially  at  ucper  levels  cf  the  hierarchy,  Fi 
of  ail,  the  human  is  more  cf  a  satisficer  than  an  optimizer.  Thus,  id^ 
such  as  a  target  tuoe  within  control  tasks,  fuzzy*  set  theory,  and  s 
concepts  from  utility  theory  deserve  study  ana  apnlicaticn  wi: 

ma  n— ma  Gh  ine  systems.  what  this  means  is  that  one  should  lock 
optimization  with  respect  to  broad  criteria  that  allow  mult: 

satisfactory  solutions.  fin  alternative  approac.h  to  this  issue  is 
discard  optimization,  but  this  would  lea'/e  the  modeler  stripped  of  one 
his  most  important  tools  and  without  a  viaole  alternative. 
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Eeycnd  the  idea  of  satisficing,  another  important  limitation  tc 
analytical  moaeling  is  that  humans  simolv  do  not  worry  about  details  until 
it  becomes  necessary  tc  oo  so,  ihus,  piannins?  can  be  sketchv,  cerhaps  in 
the  form  of  scripts.  Such  sketchy  planning  can  mean  a  dr-as tic  reduction  in 
mental  workload  and  also,  that  the  human  has  the  resources  left  to  deal 
with  more  tasks  as  well  as  the  flexibility  to  react  tc  unf oreseen  events. 
These  characteristics  are  precisely  the  reasons  why  humans^^  are  often 
included  in  systems. 

However,  the  scripts  idea  presents  a  problem.  While  everyone  misTht 
agree  that  humans  use  scripts  to  expedite  performance  of  many  tasks, 
knowledge  of  their  existence  is  not  sufficient  to  predict  perfcrma.nce. 
must  know  what  the  script  specifically  is.  Thus,  in  complex  tasks,  one 
must  measure  not  onlv  performance  (e.g.,  HHS  error)  but  also  the  scri^'t 
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This  surges ts  that  verbal  protocols  (perhaps  analysed  by  a  con^puter  that 
understands  natural  language)  may  be  increasingly  important  research  tools. 

To  conclude,  this  paper  has  presented  a  fairly  general,  but  mainly 
verbal,  model  of  human  behavior  in  cccplex  tasks*  The  ideas  discussed  have 
been  based  on  analysis  of  a  specific  complex  task  (car  driving)  as  well  as 
a  thorough  review  of  the  literature.  Three  very  specific  ideas  have 
emerged.  First,  control  should  oe  looked  at  in  a  broad  sense, 
incorporating  a  vride  range  of  analytical  methodolcgies.  Second,  the  human 
satisfices  rather  than  optimizes  and  criteria  should  reflect  this.  Third, 
nigher-level  activities  such  as  planning  require  approaches  that  allow 
incompleteness,  and  approaches  that  capture  the  process  of  these  activities 
and  not  just  the  results. 
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For  the  design  of  such  man-machine  systems,  i.  e.  of  their 
dynamic  properties,  displays,  and  controls,  the  human  strateqies 
in  dispatching  concurrent  demands  have  to  be  described  by  means 
of  experimental  investigations  and  resulting  quantitative  models 
Notions  of  queueing  theory  are  suitable  for  the  formulation  of 

operator  (refs.  1,  2,  3),  houever  instead 
0  analytical  solutions  human  behavior  is  often  studied  by  simu- 
X  3ti  10  n  •  ^ 


p  this  paper  Petri  nets  are  discussed  as  a  modeling  tool 

or  the  human  operator  dealing  with  concurrent  demands.  As  a 
practical  example  the  apolication  of  Petri  nets  for  modeling 
human  strategies  is  shoun.  These  strategies  have  been  evaluated 
by  means  of  an  experimental  investigation  of  binary  concurrent 
tasks  displayed  in  a  serial  manner. 


PETRI  NETS 


In  the  following  a  brief  introduction  to  the  Petri  net  is 
given;  a  more  detailed  presentation  is  contained  in  ref.  u, 

A  Petri  net  is  an  abstract,  formal  model  of  the  information 
flaw  in  s. stems- with  discrete  sequential  or  parallel  events  Its 
pictorial  representation  is  a  directed  graph,  for  whic^an 
example  is  shown  in  Fig.  1.  The  graph  consists  of  Lo  types  of 
nodes:  places  p  (represented  by  circles)  and  transUlans  ^ 
(represented  by^bars).  These  nodes  are  connected  by  directed-^ 
arcs  from  places  to  transitions  and  from  transitions  to  o^Jces 
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PROPERTIES  OF  PETRI  NETS  WITH  REGARD  TO  THE  DESCRIPTION  OF 


THE  HUMAN  OPERATOR 


In  the  follauing  the  properties  of  Petri  nets  are  summarized 
uith  regard  to  the  description  of  the  human  operator  dealing  with 
discrete  concurrent  demands  (Table  1). 


>  Description  of  sequential  and  parallel  processes 

-  Description  of  interactions  between  parallel  processes 

-  Interpreted  and  uninterpreted  modeling 

-  Hierarchical  modeling 

-  Description  of  temporal  order 

-  Description  of  deterministic  and  stochastic  processes 

-  Mocaling  of  priority  systems 

-  Formal  and  graphic  description 

Table  1:  Properties  of  Petri  Nets  with  regard  to  the  Modeling  of 
the  Human  Operator 


Petri  rets  are  suitable  for  the  description  of  sequential 
and  parallel  concurrent  demands  of  the  human  oqerator  as  uiell.  A 
net  having  only  one  token  at  the  same  time  is  describing  a  se¬ 
quential  process.  The  position  of  the  token  represents  the  state 
of  the  'osquence  control  register'  of  the  process-  The  graphic 
repr 'mentation  of  such  a  net  containing  only  transitions  with 
one  i-jput  and  one  output  corresponds  to  the  usual  flou-chart. 

Fig.  2  shows  as  an  example  the  observation  of  a  traffic  light 
represented  by  a  flow-chart  and  by  a  Petri  net. 

et  having  more  than  one  token  at  any  time  describes  a 
non-ssquential  process.  Several  tokens  may  result  from  a  transi¬ 
tion  uith  several  output  places  or  they  are  an  initial  marking. 
Fig.  1  shows  a  Petri  net  with  an  initial  marking  of  four  tokens. 
Therefore  it  doscribes  a  system  of  partially  parallel  activities. 
It  may  be  interpreted  es  a  general  model  of  the  dispatching  of 
•-oncurrent  demands,  presented  in  a  serial  manner  to  the  human  ope¬ 
rator.  Concurrency  is  given  by  the  fact,  that  during  the  , service 
of  one  demand  other  demands  are  waiting  or  arriving.  Then  places 
p-]  to  P4  of  F'g.  1  have  the  following  interpretations: 
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numbsr  of  demands  waiting  fjr  seruica  (representeo  by  -he 
corresponding  number  of  tokans), 


P 


2* 


one  demand  is  being  served, 


one  demand  has  been  served, 

the  human  operator  is  ready  for  the  next  service. 


The  description  of  parallel  activities  by  Petri  nets  can  be 
applied  to  the  modeling  of  interactions  betueen  different  stages 
of  human  informaticn  processing  and  between  the  tasks  of  several 
operators  as  well.  Ki.  •  3  chows  as  an  example  the  crossingor 
two  automobile  driver-'  ~re  two  conflicting  transitions  witnout 
indication  of  priority  at.  Modeling  of  priority  systems  is 
considered  later  on. 


The  interpretation  of  the  Pecri  net  shown  in  Fig.  1  may  be 
specified  with  regard  to  practical  applications.  E.  g.  the  de¬ 
mands  may  represent  traffic  signs  which  have  to  be  observed  by 
the  driver  or  they  are  alarms  of  an  industrial  plant  presented 
on  displays  in  the  control  room.  3n  the  other  hand  Petri  nets  , 
exist  as  uninterpreted  models  of  which  the  abstract  properties 
may  be  investigated. 

Another  valuable  feature  of  -etri  nets  is  their  ability  to 
model  a  system  hierarchically.  Tnis  means  that  parts  of  the  human 
information  processing  may  be  represented  by  a  single  place  or 
transition  in  order  to  have  a  more  abstract  model,  uonverseiy 
places  and  transitions  may  be  specified  by  subnets  in  order  to 
get  a  more  detailed  descriotion.  'he  example  of  Fig.  1  is^an 
extremely  abstract  model  of  the  human  operator,  which  wiii  be 
specified  by  means  of  experimental  results  in  chapter  b. 


Petri  nets  describe  the  possible  sequences  of  events,  they 
do  not  reflect  the  variable  amourcs  of  time  required  by  the 
different  events.  Because  cf  this  oroperty  Petri  nets  give  no 
information  about  the  duration  of  information  orocessing  of  the 
human  operator. 

Petri  nets  are  suitable  for  che  modeling  of  deterministic 
and  of  stochastic  sequences  of  events.  Deterministic  sequences 
ever  have  one  transition  being  enabled,  while  stochastic  sequen¬ 
ces  lead  to  situations  in  which  more  than  one  transition  is 
enabled.  Tlie  choice  of  the  next  transition  to  be  fired  occurs 
randomly.  Fig.  A  shows  two  types  cf  stochastic  firing  of  tran¬ 
sitions.  Concurrent  transitions  may  fire  in  either  order  whereas 
in  conflicting  transit'"  ns  the  firing  of  one  will  disable  the 
other. 
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In  order  to  model  priority  systems  Petri  nets  were  extended 
by  inhibition  arcs  represented  by  an  arc  uith  a  small  circle  in¬ 
stead  of  an  arrouhead*  An  inhibition  arc  from  place  to  transi¬ 
tion  ti  enables  the  transition  only  to  fire  if  the  place  has 
zero  token  in  it.  Fig.  5  shows  as  an  example  the  crossing  of  two 
drivers  (compare  Fig.  3)  with  priority  of  driver  1,  described  by 
an  inhibition  arc. 

Furthermore  Petri  nets  may  be  described  in  a  formal  as  well 
as  in  a  graphic  manner.  Especially  the  graphic  reoresentation 
seems  to  be  a  useful  tool  in  describing  complex  information  pro¬ 
cessing  of  the  human  operator. 

MODELIPJG  OF  HUMAIM  STRATEGIES  irj  DISPATCHiriG  CCrcCURREfNlT 
DEMAriDS  3Y  PETRI  UZTS 


Experimental  Sst-uo 

In  order  to  investigate  the  human  bsr.avior  in  dispatching 
concurrent  demands  a  simulator  for  the  generation  of  the  demands 
and  for  their  service  has  been  establishec.  Fig.  5  shows  the 
block  diagram  of  the  experimental  set-up.  Tmere  are  6  streams  of 
binary  demands  presented  by  the  numbers  1  -o  3  an  a  common  nume¬ 
ric  display  to  the  operator.  The  arrival  cautern  of  each  stream 
is  given  by  the  Poisson  distribution.  The  service  of  each  de¬ 
mand  consists  in  pressing  a  corresconding  rush-button  during  a 
fixed  lapse  of  time  which  is  indicated  by  a  service  time  lamp. 

The  traffic  intensity  o,  i.  e.  the  ratio  cf  the  service  time  and 
the  mean  interarrivai  time  of  the  Pamands,  varied  in  the  range 
D,a  -  ‘  -  1,6.  The  service  of  the  demands  naa  to  be  done  in  the 
order  of  arrival.  The  experimental  sessions  consisted  of  five 
trials  of  20D  s  duration  each.  After  each  trial  the  traffic 
intensity  was  increased  by  an  amount  of  0.2,  beginning  with  the 
value  of  b  =  0.8.  For  P  -  1  the  human  operetor  is  unable  to  deal 
with  the  demands  as  fast  as  they  arrive.  Ccnsequently  the  demands 
have  to  queue  up  in  the  operatQr*s  snort  term  memory.  Because  of 
its  limited  capacity  demands  may  be  lost.  Ey  recording  the  service 
activities  of  the  subjects  the  strategies  in  dealing  with  con¬ 
current  demands  could  ue  evaluated. 

In  the  following  the  results  from  one  experiment  are  pre¬ 
sented,  further  investigations  with  this  experimental  set-up  are 
described  in  ref.  5. 


Experimental  Results 

In  order  to  analyse  the  human  strategies  the  contents  of 


166 


it  is  call'^d  yaiting-room  diagram. 


the  memory  were  diagram,  uihere  the  r. umber  of 

Fig.  7  shows  a  ^VPi-^aJ- g  length  of  the  queue,  is 

demands  in  uaitmg-ro  •  I.-l  the  arrival  of  a  demand  the 

plotted  as  a  function  of  It  the  beginning  of  a  ser- 

length  of  the  queue  ’pper  plot  Ihouis  the  ideal 

vice  the  plot  is  based  on  the  assumption  that 

waiting-room  diagram,  ^  arriving  demands  are  wai- 

?here  is  an  infinite 

ting  for  service  no  ^Pe  assumption  that  lost  de- 

minimal  waiting-room  diagram,  demands  which  are  not 

mands  did  By  asking  the  subjects  to  communicate 

served  are  marked  by  certain  time  instants,  it  could 

reS^rn^tSat^^hfreLTartlnr-rrordiagram  corresponbs  largely 
to  the  minimal  waiting-room  diagram. 

•  en e  the  yaiting-room  diagram  and  suppoTwed 

the  concurrent  demands  can  be  s.  .cified. 


I.iai  tinn-room  with  permanent  access 

enter  Ir.ta  tne  ueltlng-rae™ 

maximum  lengtn  af 

demand  is  served  another  may  enter. 


and  queue  up  until  a 
is  reached.  Then  ir  one 


rase  the  maximum  length 

with  the  strategy  of  permanent  access. 

The  described  strategies  are  j^^^The '  strate- 

reality  they  j'^g^ces^''ca^"oe  observed  more  often  (factor 

ov  with  intermittent  access  ca  access  Fio.  7  shows  the 

?!5)  than  tha  strategy  with  This 

waiting-room  diagpm  i'  pgcause  with  permanent  access  there 

fsThfgher  itriiratlon^f 'the  waiting-room.  i.  e.  the  mean 
length  of  the  queue  is  increased. 

Modeling  of  the  Human  Strategies  by  Petri  Nets 
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Fig.  9  shows  the  ®  access  there  are  modifications 

access.  Compared  with  p  model.  The  states  of  the 

especially  in  the  J  .  mhethe^  arriving  demands  are  re- 

DlacBs  p  12  PTS  nlprtlor  state  (p-i?'  is  marked)  is  triggered 

Cei"t!^d/r;chirrp  c3%c?j^i. 
eip^y^eid^thr^enritn^  tij  is  fl^ec.  Then  srrivin,  de»ande 
again  have  access  to  the  waiting-room. 

The  strateqies  described  have  been  simulated  by  means  of  a 

digital  '^°'"P^ter.  Simulation  data  showed  ^ by 

:ra”‘rf"pl»rneir;uJnL":u1^;S  he  a  valudPie  toci  for  the  ene- 
lysis  Of  human  information  processing. 
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DISCRETE-TIME  PILOT  MODEL 
by  Daniel  CAVALLI 


Office  National  d’Etudes  et  de  Recherches  Aerospatiaies  (ONERA) 
92320  ChatiUon  (France) 


SUMMARY 

The  objective  of  this  paper  is  to  demonstrate  the  originality  of  our  approach  with 
regards  to  already  existing  pilot  models  and  to  present  recently  obtained  results. 

We  consider  the  pilot's  behavior  as  a  discrete-time  process  where  the  decision  making 
has  a  sequential  nature.  This  model  contrasts  very  clearly  with  previous  approaches  namely 
tr.e  quasi-lmear  model  which  follows  from  classical  control  theory  and  the  optimal  control 
model  which  considers  the  human  operator  as  a  Kalman  estimator-predictor.  We  also  consi¬ 
der  that  the  pilot's  objective  may  not  be  adequately  formulated  as  a  quadratic  con  func¬ 
tional  to  be  minimized,  but  rather  as  a  more  fuzzy  measure  of  the  closeness  with"  which 
the  aircraft  follows  a  reference  trajectory. 

All  model  parameters,  in  the  digital  program  simulating  the  pilot's  behavior,  have  bee.i 
^ccessfully  compared  in  terrns  of  standard-deviation  and  performance  with  those  of  pro- 
^ionnal  pilots  in  IFR  configuration.  The  first  practical  application  of  our  pilot  model  has 
been  the  study  of  its  performance  degradation  when  the  aircraft  model  static  margin 
decreases. 


i.  IMTRODUCTIOIM 


Research  on  human  operator  models  and  especially  on  models  of  spacecraft,  aircraft 
and  helicopter  operators  has  often  been  influenced  by  the  current  state-of-the-art  Be'for® 
funher  investigation,  the  human  operator  appears  as  highly  adaptative,  versatile,  complex  * 
and  sufficiently  creative  so  that  we  can  always  recognize  in  the  diversity  of  all  strategies 
he  may  use,  one  we  know  well  and  want  to  find. 

The  first  approach  to  the  problem  was  from  the  control  specialists  of  the  1950's 
attempting,  at  the  beginning  age  of  servomechanisms,  to  apply  their  basic  tool  namely  the 
linear  transfer  function  of  a  phase  lead  regulator  (ref.  1).  These  studies  relied 'heavily  on 
Simulation  techniques  using  analog  computers. 

One  of  the  most-commonly  accepted  representations  is  the  quasi-linear  model  of 
McRuer  (ref.  2,  3,  4)  so  named  because  it  represents  the  human  operator  by  a  linear  trans¬ 
fer  function,  plus  a  remnant  to  describe  that  part  of  the  human  response  that  is  not  pre¬ 
dicted  by  the  linear  approximation.  The  transfer  function  is  essentially  the  result  of  an 
approximation  to  the  first  harmonic  and  the  remnant  accounts  for  higher-order  effects  and 
for  other  modeling  errors.  The  most  celebrated  result  from  the  above  study  is  probably 
the  "cross  over  model"  which  is  based  on  the  fact  that  the  human  operator  adjusts  the 
parameters  of  his  own  transfer  function  so  that  his  open-loop  response  satisfies  the  closed- 
loop  stability  conditions  with  a  reasonable  error. 

At  the  same  time  sampled-data  models  have  been  proposed  (ref.  5).  This  type  of  mo¬ 
dels  is  suitable  for  numerical  computation  on  digital  computers.  However,  the  assumption 
of  iix6d-r3t6  S3mpling  3pp6drs  ss  3  weakness  of  .  this  represfintatlon, 

■  An  alternative  to  the  quasi^inear  model  has  been  developed  by  Kleinman,  Baron  and 
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Levison  (ref.  6,  7,  8).  This  approach  is  based  on  advanced  optimal  control  and  estimarinn 
theory  with  the  assumption  that  the  well-trained  human  controller  behaves  in  an  opS 
ironner  subject  to  his  inherent  limitations  and  contraints  and  the  requirement  of  his  task 
However,  is  the  human  operator  only  a  Kalman  estimator  whose  obj’eaivrmay  be  fo  m^i 
lated  as  the  minimization  of  a  given  criterion  ?  ^  “ 

Th«e  modeling  studies  have  advanced  a  great  step  forward  when  becoming  interdisci- 
plinary  through  the  involvement  of  psychologists  in  the  research  teams.  These  Lientists  can 
?7i  ^  h>h  ^  introduction  of  the  concept  of  operating  image  (ref  9  10  1 1 

12)  wh  ch  IS  an  internal  model  of  the  vehicle  allowing  the  human  operator  to  p;edict  its 
short-term  response.  The  conventiong!  apDrcech  and  th?  ^ 

tly  merging  (ref  13).  Without  repudiating  previous  philosophies,  our  current  approach  *tri2" 
o  make  a  synthesis  of  them  and  develop  the  model  of  a  human  operator  based  S  a  nfw 
and  more  accurate  analysis  of  the  aircraft  pilot's  behavior  (ref.  14,  15,  16,  17). 

II.  ANALYSIS  OF  THE  PILOT'S  BEHAVIOR 

Consider  the  behavior  of  the  human  operator  in  the  case  of  aircraft  control 

instrument  dials  or  outer  sight  is 

rompared  to  the  attitude  required  to  follow  the  nominal  flight  path.  As  an  examole^  if  the 
horuomal  bar  of  ,ho  ILS  indicator  liea  abo«,  the  central  nirk.rtVpifot  anataS^tbis  V^^ 

been  b-YinT  f'rT’T  “  “"■»  »"«•  tl»  Inaneueer  has 

Dean  sei^ted  the  plots  b.ain  (i.e.  the  decision  center)  request  from  the  eves  throuah  an 

f^pnrT^h  ^  information  relating  to  the  longitudinal  attitude  The  diffe- 

rfnht  the  actual  attitude  and  the  desired  one  is  analyzed  and  the  pilot  selecu  the 

right  control  to  actuate  and  determines  the  force  to  apply  to  it.  In  this  example  the  oilot 

^  while  requ«tfng  IJis  ;rm 

through  another  loop,  to  sense  the  applied  force.  Stick  motion  is  stuped  when  the  pilot 
feels  thac  the  desired  force  has  been  applied.  ^ 
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5£/v'50/? 


Position  speed 


SENSGR 


Attitude  ongles 


[Control  forces r 


\AIRCf^AFT\ 


pJtto '“S'”  '»■'’• 

3K  '.“te  “■ 

-  finally,  the  inner  loops  controlling  the  forces  applied  to  the  controls 

It  should  be  noted  that  there  is  only  a  single  loop  in  operation  at  a  given  time  and 
ThP  '*  i°'l®  °  fundamental  differences  between  a  human  pilot  and  an  autopilot^ 

The  selection  of  the  currently  operating  loop  is  made  by  the  decision  center  'br^in)  ^which 

SSnoiS'.ST  "“““'V  in.o,™,ion'’:iou, 

».  '■.•^mediate  consequence  of  this  analysis  is  that  it  is  impossible  to  determine  direc- 

detail  the  processing  of  data  taking  place  within  the  brain 

Another  consequence  is  that  it  is  useless  to  determine  experimentally  a  transfer  func¬ 
tion  representing  the  pilots  behavior  since  there  is  not  one.  however  complex  but  a  series 
of  transfer  functions  used  sequentially  in  an  order  determined  by  scanning  of 'the  variour 
displays  This  scanning  itself  depends  on  certain  data,  the  environment,  thl  pilot's  training 
etc...  ,  that  IS  partially  on  random  phenomena.  This  random  nature  must  be  accounted  for 
into  some  part  of  the  pilot  s  behavior  model. 


III.  RESPECT  OF  THE  CONTROL  LAW 

The  control  law.  which  is  the  keeping  of  permissible  deviations  of  the  controlled  para¬ 
meters  with  respect  to  the  nominal  flight  path,  ensures  the  immediate  safety  as  well  a«  the 
short-term  safety.  This  law  is  used  by  the -pilot  as  a  guideline,  it  depends  on  the  obie^ive 
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S'ecuL'a  »'  the  flight  phase 

First,  the  objective  set  by  the  pilot  may  not  be  formulatprf  in  th«  fr.™  -r  •  . 

to  be  minimized  (as  proposed  by  Kleinman,  Baron  and  Levison  (ref  6  7  8))  The 
neither  a  perfect  being,  nor  a  well-trained  monkey  who  as  h  I  we  i  knnL  i 
work  than  a  human  operator  when  his  task  is  that  of  a  rohnr  The  h  V  *  better 

ISis^  fhe^brar^'  W  qualitative  data,  some  of  them  being  oi!Jy“"nM°'' 

tKom;n!:i  ^sr;arh.x°Se^: 

pilot's  learning  and  his  knowledge  of  the  pine  ''Terence  corresponds  to  the 

the  remarkable  capabilities  of  adaptation  which  are  evidenced  by 

of  nnf  r®  commands.  An  interpretation  of  this  adaptability  is  the  concent  ^ 

of  operating  image  or  internal  model.  The  pilot  possesses  a  probably  very  simplified  Si 

itions  """  “  '“hh"”  9'™"  hTs  Sops  ' 

This  concept  of  internal  model  permit  us  to  account  for  the  predictive  nature  of  a 
human  pilot  s  control,  as  opposed  to  conventional  autopilots. 

IV.  CHOICE  OF  A  MULTILOOP  SEQUENTIAL  MODEL 

'T-  ^^’ove  considerations,  a  mathematical  model  must  satisfv  the 

foilowmg  condihons  be  as  close  as  possible  ,o  the  heman  pilot's  behavToMrS  lSI 
aj  The  elementary  activities  of  data  collection,  development  of  correction  nrororinroc 
™Oeb'““''°"  °  Wbeoclally  and  not  sitooltaoeouslv  as  in  cdntinooos  type 

.1.11 J?.s:;ran7r:St"d^Xt^e'd“:^^^^^^^^  Ti  “ 

c;  The  instants  of  time  when  the  various  loops  are  activated  are  not  definpd  in  a 
deterministic  manner  but  are  partially  random  (Poisson  orocpc*:!  Dnixr  ■  t  i 

a':°dT-d°flv”Srsiye^"s°^  "  »  »l-e 

.e«  S,  Jiost^rn^roSe'  “  de'il?  lS?to  Zh^'  ‘I”"'"" 

quential  nature,  has  been  carried  out  in  France  at  ONFRA  /nffVo  m  i  j»c  j 

(re^^Tc' nrtr^d“o’th'^T'^'’l  Agenc^srn^e  JgVT VS J^nudS 

If  a  iSot' of  fheavy  rln^pl  "Tnr(rb°u 
flight  path  (final  descent  of^n  lls  apUac4 

It  adapt  to  various  aircrafts  of  the  same  type  (this  version  is  currently  being  tested  with 
a  model  of  the  Dassault  Falcon  20).  y  oeing  tested  with 
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V.  DESCRIPTION  OF  THE  DISCRETE-TIME  PILOT  MODEL 

In  this  model,  it  is  assumed  that,  at  a  given  time,  the  pilot  can  either  make  a  decision 
or  carry  out  one  of  the  following  three  elementary  actions  : 

actuate  a  control, 

-  read  an  information  on  the  instrument  panel, 

-  monitor  a  given  parameter  displayed  on  a  dial. 

It  is  assumed  that  the  pilot's  strategy,  that  is  the  process  of  selecting  among  the  va¬ 
rious  procedures  of  parameter  correction,  has  a  sequential  nature  and  is  a  function  of  the 
flight  situation  defined  by  the  aircraft  type  and  condition,  the  flight  phase  and  atmospheric 
conditions. 

Experimental  data  have  led  to  distinguish  between  three  levels  of  activity  in  the  pilot's 
operating  mode  (fig.  3).  This  classification  is  only  an  assumption,  but  seems  to  be  close  to 
reality  and  corresponds  to  the  three  types  of  loops  discussed  above. 


L£y£i  DEFINITION  | 

OBJECTIVE 

'  COST 

STRATEGY 

Short  -  term 

Mental  had 

procedures 

safety 

{decision) 

C  ORRE CTlONA  fgonthmic  sequer^ce 

Immediate 

Mental  had 

PROCE DURE  pf  elementary  activ)s. 

safety 

{memoruatm)^. 

ELEMENTARy.mRead  indicator 

AC  TfON  ‘  •^ct  on  one  control 
\  *Monitor  one  dial 

— - - i _ _ _ L- 

Physical  !oad\ 

i 

1 

f 

- - - j 

Pig,  3  ~  Levels  in  operating  mode. 


The  model  selects  the  correction  procedure  to  be  used  as  a  function  of  the  followed 
strategy.  This  procedure  is  further  divided  into  a  sequence  of  elementary  actions  (instru¬ 
ment  reading,  monitoring  of  a  parameter,  action  on  a  control)  which  are  successively  taken. 

A  dual  integration  Is  performed  at  each  time  in  the  model,  namely  the  integration  of 
the  equations  of  motion  and  the  integration  of  the  equations  describing  the  operating  image 
of  the  situation  as  memorized  by  the  model. 

In  the  proposed  strategy,  care  has  been  exercised  to  make  a  clear  distinction  between 
the  selection  of  diais  monitoring  (a  strategy  with  Markovian  readings  Is  used)  and  the  selec¬ 
tion  of  parameter  correction  procedures  (a  strategy  with  short  term  evaluation  is  used).  The 
differenciation  between  these  two  strategies  is  based  on  the  concept  of  seriousness  of  the 
instantaneous  situation  as  perceived  by  the  pilot's  model  and  defined  by  : 

G(0)  =  Max.  estimated  deviation 

on  the  main  - — - 

parameters  permissible  deviation 

This  is  the  maximum  ratio,  over  the  flight  path  main  parameters,  between  the  estima¬ 
ted  deviation  (as  memorized  or  predicted  by  the  internal  model)  of  a  given  parameter  and 
its  permissible  deviation.  The  permissible  deviations  are  determined  experimentally.  If  G(0) 
is  under  a  given  minimum  threshold  of  seriousness,  the  situation  is  evaluated  as  safe  and 
the  model  adopts  the  dial  monitoring  strategy..;  ;if  GfQ)  is  above  his  threshold,  the  situa¬ 
tion  IS  evaluated  as  serious  and  the  model  applies  the  strategy  of  parameter  correction 
procedures  (fig.  4). 
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As  far  as  the  strategy  of  dials  monitoring  is  concerned,  the  sequence  of  observed  dials 
is  governed  by  a  matrix  of  conditional  probabilities  of  reading  each  instrument  a^er  ano* 
ther  one.  This  matrix  is  called  "switching  maTri^<"  After  e?"h  instrument  reading,  the  value 
of  a  random  variable  determines  whicn  dial  will  be  read  next,  depending  on  the  switching 
matrix.  The  sequence  of  reading  times  is  regarded  as  a  Poisson  process.  Figure  5  gives  an 
example  of  switching  matrix  in  the  case  of  the  ILS  approach  phase  of  an  Airbus  A-300B. 
This  matrix  has  been  determined  experimentally  by  means  of  an  electr>oculometer.  In  re¬ 
trospect,  were  observed  in  this  matrix  the  features  of  elementary  mcritoring  -^ules  during 
IFH  flight.  For  instance,  the  artificial  horizon  was  mostly  ccserved. 


SWITCH.'.^JG  MATRIX 


/ 

i  ®  B  W 

"tGL 

r “ — ^  ^  ^  ! 

QQS^OIO  CH  004,  015  003  0  06,021  G2C\ 

'  c 

IOC 

026  015  005  02r.G06-Q23Q05''UC5.C0S 

i 

0  003  006007  CW  005  QGsl  or  C 

0  70:039  072''029\Q  td'O  23\0  77\009  0  70 

'  :  '  1  "1 
a  A0\ 0.74  G20\0  76\029\G1J  ' 0  79  \  027' 0 16 

til 

00&  072  0^6\073''013  ''0  70^^  ?5  W7 

E 

0  007  0  70.007'.  0  \g05'071\  Q  009 

L-. 

003', 004  0  73^00/007,0  77  0  72\0  72\0Ce\ 

:  ^ 

r06\CQ2  0  OA  002 '-002' 002 '024  \Q05  \020 

L 

=  r  =,*  z7  z7  zl  Z1  z7  :0 

MATRIX  OBTAINED  WITH  EOM  EQUIF!^E\'T 


RE  a:  NOS 
ARE  jOvERNED  B'v 

•ONE  -aRamE'ER 
^REAC  \G  Of  M, 

•SEVERA:.  RARAA^fETERS  x/s-L, 

».READ'*'VC  OF  X  WHICH  HAS 
THE  GREATEST  PROBABHrY 
IN  SA'lTCHiNG  MATR'X 

L,  LEvE^  Given  IN  advance 

rCR  EACH  RAR.iiMETER 
Fig.  5  -  Strategy  for  dials  monitoring. 


The  strategy  of  the  correction  procedures  is  based  on  the  fact  that  the  human  pilot 
makes  decisions  depending  on  the  short-term  predicted  evolution  of  the  situation  while 
taking  into  account  all  previous  actions. 

The  model  has  no  access  to  the  equations  governing  the  aircraft  dynamics  but.  by 
using  its  operating  image,  it  can  predict  approximately  the  short  term  situation.  This  predic¬ 
tion  capability  is  used  by  the  model  to  select  the  best  correction  procedure  to  implement, 
each  time  it  is  necessary.  This  choice  is  made  by  developping  a  logical  tree  (fig.  6)  in 
which, 

—  the  root  is  the  memorized  situation  (So)  ; 

-  branches  are  the  correction  procedures  whose  implementation  is  considered  ; 

--  nodes  other  than  the  root  are  situation  predicted  from  the  root  by  means  of  the  ope¬ 
rating  image  while  taking  into  account  the  intented  correction  procedures. 
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Fig,  6  -  Strategy  for  correction  procedures. 


The  instantaneous  seriousness  G(K)  is  computed  at  each  node  K.  Considering  that  it 
remains  constant  during  the  time  Atl  elapsed  from  the  previous  node  to  the  node  I,  the 
model  computas  a  short-term  mean  seriousness  (7(1)  on  each  path  leading  to  a  terminal 
node.  To  that  end,  the  instantaneous  seriousness  is  weighted  by  the  time  elapsed  on  each 
branch  and  the  result  is  divided  by  the  total  time  elapsed  on  the  path.  The  short-term 
mean  seriousness  of  a  path  (I,  J)  is  then  expressed  by 

r;((i,  JJ)  - - ^ ^  G(K)  •  Mk 

h  -  h  K  frL  j 

The  mean  seriousness  of  the  best  path  r;([l,  J|)  chosen  at  I  is  denoted  G(I).  This 
choice  is  simply  made  by  taking  among  all  possible  paths  from  I  the  one  with  the  mini¬ 
mum  mean  seriousness. 

The  path  from  the  root  with  the  minimum  mean  seriousness  is  then  chosen  and  the 
implementation  of  the  correction  procedure  corresponding  to  its  first  branch  can  be  ini¬ 
tiated. 


VI.  PROGRAM  APPLICATIONS 

Two  applications  have  been  made  to  validate  this  program.  Both  apply  to  the  simu 


lation  of  the  final  descent  of  the  ILS  approach  phase  for  an  Airbus  A-300B.  First,  a  statis¬ 
tical  comparison  has  been  made  between  the  performances  of  the  model  and  those  of  pro- 
fessionnal  pilots.  Secondly,  the  performance  loss  of  the  model  when  the  static  margin  of 
the  simulated  aircraft  is  decreased  has  been  investigated. 


Vl.l.  Comparison  between  the  model  and  professionnal  pilots 

It  is  meaningless  to  compare  the  time  responses  obtained  from  the  model  and  from 
human  pilots.  As  good  as  it  may  be,  the  match  between  the  curves  cannot  be  perfect.  A 
statistical  comparison  would  be  more  meaningful.  We  have  therefore  chosen  a  comparison 
between  the  standard  deviation  and  the  performance,  which  are  defined  below  for  the  va¬ 
rious  flight  parameters. 


Standard  deviation  ax 


Performance 


Px 


’!x|dt 


where  t  is  the  duration  of  the  final  descent  of  the  ILS  approach  phase. 

The  results  from  the  model  have  been  compared  to  those  of  five  professionnal  pilots 
performing  final  descents  in  IFR  conditions  on  a  flight  simulator  representing  the  heavy 
transport  plane  considered  in  this  study.  The  comparison  is  illustrated  in  figure  7  ;  it  can 
be  seen  that  the  model  exhibits  a  behavior  close  to  the  pilot’s  as  far  as  the  above  defined 
standard  deviations  and  performances  are  concerned. 
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Fig.  7  -  Standard-deviations  and  performances. 
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VI  ,2.  Application  of  the  model  to  flight  control  with  reduced  static  margin 

One  of  the  first  practical  applications  of  the  model  has  been  the  study  of  its  perfor¬ 
mance  loss  when  the  static  margin  of  the  simulated  aircraft  decreases,  i.e.  when  the  center 
of  gravity  moves  backward,  progressively  destabilizing  the  plane.  It  appears  that  the  perfor¬ 
mance  of  the  model  decreases  when  the  static  margin  is  reduced,  which  seems  realistic.  The 
loss  of  control  occurs  suddenly  (fig.  8)  when  the  workload  resulting  from  a  decrease  in 
static  margin  becomes  excessive.  The  most  interesting  result  of  this  study  is  that,  whenever 
control  difficulties  appear  on  the  pitch  axis,  the  overall  aircraft  control  is  impaired  ;  for 
most  of  the  cases  losses  of  control  occur  on  the  transversal  axis. 


presentation  for  final 


□ 

Normal 

■i 

Divergent 

Out  of  bounds 

Ea 

Crash 

Fig.  8  -  Basic  ILS  approaches  with  reduced  static  margins 


VII.  CONCLUSION 

The  model  described  in  this  paper  is  expected  to  be  more  conform  to  the  actual 
pilot's  behavior  than  those  of  previous  studies.  It  tries  to  make  a  synthesis  between  the 
mathematical  approach  and  the  psychological  approach  through  the  introduction  of  the 
aircraft  internal  model. 

In  the  future,  studies  will  attempt  to  introduce  the  concept  of  pilot  adaptativity  to  a 
new  type  of  aircraft  as  well  as  the  concept  of  learning  which  could  take  into  account  the 
degree  of  professionnal  development  of  individual  pilots. 
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ABSTRACT 

During  1976  and  1977,  a  nodified  YF-16  aircraft  was  used  to  night 
demonstrate  decoupled  control  modes  under  the  USAF  Fighter  Controi 
Configured  Vehicle  (CCV)  Program.  Higher  levels  ot  direct  force  control 
were  achieved  by  the  aircraft  than  had  previously  been  flight  tested.  The 
direct  force  capabilities  were  used  to  implement  seven  manually  concrolleu 
unconventional  modes  on  the  aircraft,  allowing  flat  turns,  decoupleo  normal 
acceleration  control,  independent  longitudinal  and  lateral  trans 1.1. ions, 
uncoupled  elevation  and  azimuth'  aiming,  and  blended  direct  *ift.  .-» 
miniature  two-axis  force  controller  was  installed  on  top  ot  the 
sidestick  controller  for  commanding  the  decoupled  modes.  At  the  pilot  s 
discretion,  the  directional  modes  could  also  be  commanded  usina  rudder 

pedals. 

The  unconventional  control  modes  were  flight  evaluated  during 
simulated  operational  tasks,  such  as  air-to-ground  bomblngand  strafing, 
and  air-to-air  tracking  and  defensive  maneuvering.  Tlie  flight  testing 
identified  many  actual  and  potential  uses  for  these  control  mooes,  but 
also  identified  areas  where  refinements  are  needed  to  arrive  at 
operationally  suitable  implementations.  This  paper  describes  t.ne  design, 
development,  and  flight  testing  of  these  new  control  modes.  It  induces 
lessons  learned  in  the  areas  of  unconventional  control  law  implementation 
and  controller  design.  The  need  for  task-tailored  mode  authorities,  gam- 
scheduling  and  selected  closed-loop  design  is  discussed. 


INTRODUCTION 

The  Air  Force  Flight  Dvnanics  Laboratory's  Fighter  CCV  Advanced 
Development  Program  was  conducted  to  develop  and  evaluate  advanced  control 
concepts  for  Improving  fighter  aircraft  mission  effectiveness.  Specific 
new  control  degrees  of  freedom  were  provided  in  an  existing  high- 
performance  fighter.  Control  modes  selected  for  implementation  had  been 
Identified  bv  previous  research  efforts  as  possessing  the  potential  tor 
significantly  improving  fighter  aircraft  performance.  Use  of  these 
unconventional  control  modes  provided  the  pilot  with  unique  aircrart  _ 
maneuvering  capabilities.  This  program  provided  the  first  true  test  ot 
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the  utility  of  these  new  capabilities, 
testing  were  conducted  under  contrac 


Design,  modification  and  flight 
to  General  Dynamics/Fort  Worth. 


XH.  YF-16  sh<,»  in  FlSU-  ^ 

progtam.  Ft  served  ^  piv-by-Wite  control  system,  sidestlck 

Enll  -.tborrty  dua-  e^ndant  ^  ,,  „d 

controller,  and  aavancc  j  Tircraft  was  designed  to  be 

leading  edge  in  subsonic  flight  with  artificial 

statically  unstable  control  system.  Angle  of  attack  and  "g” 

stability  ':^_gn,,ering  without'  reliance  on  stall  warning  or 

limiting  allowed  lull  f  nse  of  the  airframe  load  factor 

cockpit  instruments  envelope.  This  advanced  control  system 

re:t“J‘Lut:S?":p;»o"totr,t  t^:  .e»  COV  control  ..Odes. 


nF.STGN  APPROACH 

.  A  \  onfoi-v  ronsidcrntions  were  major  driving 

lecro?s1n''tS'=d-d  auction  »d  design,  jn^ 

minor  modifications  were  ma  “  capability,  this  approach  prevented 

*‘„,r“s!”Th,'““eoSa°co„  canted  ouronrd  10  degrees  Erom  vertical,  .ere 
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attached  at  the  engine  inlet.  The  installation  was  accomplished  without 
altering  the  external  or  internal  mold  lines  of  the  inlet.  Although 
separately  actuated,  the  canards  are  deflected  together  by  the  same  pilot- 
generated  command  signal.  Use  of  the  canards  f 

rudder  enabled  direct  sideforce  to  be  developed  by  the  aircraft.  The 
flaperons  were  modified  to  allow  both  up  and  f'*'"  J:.. 

OpeLtion  of  the  flaperons  with  the  horizontal  tail  provided  a  direct  lift 

capability* 

An  auxiliary  analog  computer  was  added  to  allow 
new  control  laws.  A  fail-safe  design  was  required.  Additionally,  the  CCV 
modifications  were  not  to  result  in  degradation  of  the  operational 
reliability  of  the  basic  YF-16  control  system.  That  system  was  retained 
intact  to  provide  suitable  control  and  stability  augmentation.  The 
conventional  YF-16  control  system  formed  the  baseline  configuration  for 
the  orogram.  It  also  served  as  the  reversion  configuration  should 
problems  cause  CCV  system  disengagement.  The  addition  of  CCV  signal 
inte-faces  was  the  onlv  change  to  that  system.  Control  reconfiguration  was 
achieved  bv  injection  of  bias  signals  and  crossfeeds  to  alter  the  nor^l 
pilot  commands  or  system  feedbacks.  Operation  throughout  the  aircraft  s 
envelope  was  needed  for  a  valid  evaluation  of  the  unconventional  modes. 

Gain  scheduling  was  extensively  employed  to  provide  proper  response  as 
fli^^ht  conditions  varied.  Emphasis  was  placed  on  obtaining  maximum  CCV 
mode  capability  across  the  mach-altitude  range  without  creating  adverse 
transients. 

crew  station  changes  involved  the  addition  of  instruments  such  as 
sideslip,  side  acceleration,  canard  and  flaperon  position  indicators  to 
allow  eSkuation  of  CCV  responses  by  the  pilot.  A  CCV  control  panel  was 
installed  to  enable  mode  selection,  and  modifications  were  made  to  the 
trim  button  on  Che  sidestick  controller  to  provide  a  means  of  commanding 
the  open” loop  CCV  modes. 

UKCONh,>ENTION'AL  CONTROL  MODES 

At  the  pilot's  command  were  six  open- loop  modes  illustrated  in 
Figures  2  and  3.  Direct  control  of  the  aircraft's  flight  path  in  two 
axL  was  provided  by  the  An  and  Ay  modes.  The  aircraft  rotated  in  pitch 
and  vaw  with  the  velocity  vector.  In  pitch,  a  was  held  constant  while 
direct  lift  was  generated  on  the  aircraft.  Sideslip  remained  zero  during 
use  of  Che  sideforce  mode  as  side  acceleration  was  generated  allowing 
turning  of  the  aircraft  without  banking.  Attitude  control  at  constant 
flight  path  angle  was  available  with  the  and  6i  modes  resulting  in 
indLendent  fuselage  pointing  in  either  axis.  Vertical  and  lateral 
translations  were  provided  by  the  02  and  62  modes. 

vertical  velocity  and  side  velocity  were  the  controlled  parameters 
at  constant  aircraft  attitude.  Thus  Che  aircraft  could  effectively 
elevate  or  side  step. 
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Fig  2  Open- Loop  Longitudinal  CCV 
Modes 


Fig  3  Open-Loop  Directional  CCV 
Modes 


One  closed-loop  mode.  Maneuver  Enhancement  (ME),  was  also  available 
to  the  pilo^  Direct  lift  was  blended  with  basic  aircraft  pitch  control 

in  this  mode.  It  provided  an  initial  direct  lift  during  a  maneuver  which 

was  washed  out  as  the  commanded  aircraft  normal  acceleration  was  obtained. 
Use  of  this  capability  resulted  in  maneuver  quickening.  Due  to  the  use 
of  normal  acceleration  feedback,  a  level  of  gust  alleviation  was  also 
provided  as  illustrated  in  Figure  4. 


Implementation  in  accordance  with  the  approach  of  an  "add  on”  design 
is  illustrated  with  the  simplified  block  diagrams  in  Figures  5,  6  and  7. 
The  conventional  YF-16  control  system  is  shown  in  solid  black  in  the 
figures.  Dashed  lines  indicate  the  CCV  modes.  For  the  three  open-loop 
longitudinal  modes, the  pilot  commands  flaperon  deflection  directly  with 
the  elevator  being  driven  through  a  scheduled  crossfeed  gain.  Biases  to 
prevent  opposition  of  the  CCV  commands  are  computed  and  introduced  into 
the  YF-16  control  system.  In  the  case  of  the  mode.  Figure  5,  stick 
command  and  pitch  rate  paths  are,  modified  by  the  bias  signals.  CCV 
system  gains  were  determined  using  wind  tunnel  data  and  digitally 
predicted  aircraft  responses. 
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Simplified  Functional  Block 


Diagram  of  the  Mode 


J  ,•«  much  the  same  manner.  The 
The  directional  modes  are  appropriate  crossfeed  to  the 


.  SWUfUd  ru.cU«.  BlocU  Bl.g.a.  of  t..o  -V  »0o 

Tho  ona  oacartloo  to  °'/2i“rbrtoaon  pt  “oo^nO  aod 

Enhancement.  As  shorn  ^  ^  g  flaperons  and  horizontal  , 

aircraft  normal  pLh,  and  integral  plus  proportional 

A  v.ashout  in  the  pitch  rate  ^  -g"  command  response  in  stea  > 

control  in  the  forward  path,  "g"  level,  the  direct 

state.  Thus  as  the  “flection.  The  technique  provides  an 

lift  flaperons  ^  maneuver  quickening.  Gust  alleviation  is 

instantaneous  direct  11  i  ^^eter  feedback  senses  gust  Induce 

fi^faft  r::;-  Tnrfrwes  the  flaperons  to  counter  it. 

Minor  modifications  J^'g^iectS^by'^the  pilot  using  the  CCV 

the  CCV  modes.  Specific  modes  are  select open-loop  longitudinal 

control  panel  shown  in  .,,ft  force  on  the  CCV  controller 

modes  can  be  commanded  b.  fore  The  trim  switch  was 

installed  on  the  'controller,  and  the  normal  coolie 

replaced  with  the  two-axis  CCl  open-loop  dir-ctional  mode-  . 

ha£’'  thumb  button  was  h  either  rudder  pedal  Inputs  or 

can  be  selected  for  .  Besides  mode  selection  the 

left/right  force  on  the  CC  •  -  autopilot 

.-ontrol  panel  also  provide:  .ne  pii 


functions  as  well  as  mode  purification  capability.  Purification  was 
designed  to  allow  engineering  evaluation  of  the  modes  by  enabling 
various  feedbacks  to  force  **pure^*  steady  state  uncoupled  aircraft  motion. 
In  this  way  the  adequacy  of  interconnect  and  bias  gain  schedules  based 
on  predicted  CCV  responses  could  be  ascertained.  The  control  panel  also 
provides  a  means  of  removing  side  acceleration.  Ay,  feedback  to  the  rudder 
in  thi.  basic  control  system.  Various  self-test  functions  were  also 
included  for  system  checkout  and  diagnosis  on  the  ground. 


Fig  7  Simplified  Functional  Block  Diagram  of  Maneuver  Enhancement 


Fig  8  CCV  Control  Panel 


Fig  9  CCV  Controller  Installation  on  Sidescick 


The  basic  airplane  sidestick  controller  is  essentially  a  force  stick 
although  the  sensors  employed  are  Linear  Variable  Differential  Trans¬ 
formers  which  measure  a  very  small  displacement  of  the  stick  resulting 
from  forces  applied  by  the  pilot.  Maximum  command  in  pitch  requires  31 
lbs., and  maximum  roll  requires  a  little  more  than  15  lbs.  Both  axes 
have  parabolic  stick  force  versus  command  gradients.  The  CCV  button 
has  a  0.1  lb.  deadzone  with  a  linear  force  versus  command  gradient  up 
to  a  maximum  of  1.1  lbs. 

FLIGHT  TESTING 


The  flight  test  program  consisting  of  87  flights  and  totalling  over 
125  flight  hours  was  conducted  at  Edwards  AFB  in  California.  Figure  10 
presents  the  range  of  flight  conditions  over  which  testing  was  performed. 
Initially  the  flight  envelope  w^as  cleared  in  tests  to  identify  flutter, 
aeroservoelastic  instabilities,  or  stability  and  control  problems.  The 
effect  of  the  canards  addition  on  inlet/engine  operation  and  the  aero¬ 
dynamic  destabilizing  effects  were  also  evaluated  during  the  initial  tests. 
Preliminary  checks  were  performed  to  verify  proper  functioning  of  the  CCV 
control  system.  Engineering  evaluations  were  then  conducted  to  ascertain 
the  functional  adequacy  of  the  CCV  control  system  design  and  to  obtain  data 
for  detailed  evaluation  of  the  various  mode  characteristics.  Figure  10 
also  indicates  test  conditions  for  evaluating  predicted  performance 
improvements  with  Relaxed  Static  Stability  (RSS).  Although  not  covered  in 
this  paper,  the  aircraft's  fuel  system  was  modified  to  allow  a  wide  range 
of  center-of-gravity  locations  to  be  evaluated  during  the  later  portion  of 
the  test  program.  Finally  quasi-operational  tasks  were  conducted 
simulating  air-to-air  gunnery,  formation,  refueling,  air  - to-giound 
bombing  and  air-to-ground  strafing. 
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Fig  10  Primary  Test  Points 

The  CCV  modes  produced  responses  as  predicted,  and  the  modified  air- 
ine  ULV  moues.  ^1.  ,n«t;iSilities.  It  also  possessed  adequate 

cLo«hout  cheJU.^ 

1  nrovided  stability  augmentation  that  effectively 

for  tSe  SLge  The  engineering  evaluations  provided  data  to 
compensated  tor  the  change.  S  schedules  which  had  been 

l«fo™.uon  T,,.  ovalu- 

•  1  rhe  available  CCV  mode  authorities.  Direct  litt 

?“T  tOl  f  5  ?s  sWP  (»"«  IPPPlP 

ihetf  caLSuiuts  «tl=d  conaldar.bly  -itb  flisht  condUlbaa  .Inca  the 
design  was  to  obtain  «aal.u»  capability,  and  not  to  provid. 

f  tbLit,.  -  pointing  level,  apptoacbl.^ 

»de  and  10  bts  .Id.  v.locit,  lor  tb. 

62  mode  were  demonstrated. 

The  Handling  Qualities  During  Tracking  (HQDT)  technique  developed  at 
the  nIsA  Srydei  lliSt  Research  Cei  .er  and  the  Air  Force  Flight  Test 
Sntef wafused  for  engineering  analysis  of  the  CCV  modes  during  tracking. 
Ter  thin  technioue  scored  gun  camera  film  is  used  to  obtain  a 
quantitative  measu;e  of  handling  qualities,  control  system  characteristics, 
Ld  precision  controllability  during  high-gain  trac-cing  tas^s.  A 
denresspd  reticle  is  used  in  a  preplanned  tracking  task  employing  in  thi 
casrrF-4  or  T-38  target  aircraft.  The  air-to-air  tracking  maneuver 
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consisted  of  windup  turns  (UDT)  to  4.5  n’s  and  5s  constant  turns.  The 
technique  was  also  applied  to  air-to-ground  runs  with  limited  success. 
Unfortunately,  the  teclmlque  does  not  resemble  most  air-to-ground  delivery 
techniques.  RMS,  mean,  and  median  tracking  errors  along  with  time 
Histories  of  plpper  position  relative  to  the  target  are  provided  by  the 
technique.  This  data  was  used  in  connection  with  pilot  ratings  and 
comments  to  evaluate  the  CCV  modes'  usefulness.  Ordnance  was  not  actually 
delivered  because  the  YF-16  testbed  did  not  have  a  weapon  delivery 
capability. 


Early  in  the  evaluations,  results  from  tracking  with  Maneuver 
Enhancement  indicated  the  usefulness  of  this  mode.  Figure  11  is  a 
longitudinal  parameters  comparison  of  the  aircraft  with  and  without  ME 
during  a  windup  turn  tracking  task.  The  reduction  in  magnitude  of  pitch 
rate  perturbations  and  pilot  inputs  indicates  a  useful  mode  for  precise 
tracking.  Tighter  "g"  control  was  available  to  the  pilot,  and  small 
corrections  could  be  made  without  causing  large  rotational  rates.  This 
preliminary  assessment  proved  to  be  correct  when  pilots  from  theF-lb  Joint 
Test  Force  evaluated  the  modes  in  simulated  air-to-air  gunnerv. 


BASIC  AIRPLANE  ■'SNEUVER  ENHANCEfNT 


Fig  11  Windup  Turn  Tracking 
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Overall  assessment  of  the  CCV  modes  for  various  operational  tasks  are 
shovm  in  Figure  12.  This  is  a  consensus  of  pilot  opinion  on  the  potential 
improvement  these  modes  could  provide.  A  G  or  green  rating  indicates  that 
the  mode  is  either  preferred  or  has  the  potential  for  improvement  over 
conventional  controls.  The  “Y"  or  yellow  rating  is  used  to  denote  that  the 
mode  did  not  show  a  potential  improvement  over  conventional  controls  or 
that  pilot  ratings  and  comments  were  inconclusive. 
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Fig  12  CCV  Mode  Assessment 

Maneuver  Enhancement  was  considered  an  improvement  as  it  was 
implemented  on  the  test  aircraft  in  all  air-to-air  tasks.  It  provided 
tighter  control  in  a  tracking  situation  without  the  usual  rotational 
perturbation.  Pilot  control  was  not  complicated  by  an  additional 
controller  sinre  this  was  a  blended  mode  on  the  normal  sidestick.  Washout 
of  flaperon  deflections  prevented  saturation  problems  of  the  limited 
authority  direct  lift  capability. 

The  direct  force  modes.  An  and  Ay, were  preferred  over  pointing  or 
translation  for  precise  tracking.  The  mechanization  allowed  pilots  to 
’*beep’*  CCV  commands  using  the  button  controller  in  much  the  same  manner 
as  a  trim  switch.  It  provided  an  immediate  precise  change  in  flight 
path.  Such  a  "beep”  technique  was  realizable  because  command  and  release 
cause  no  objectionable  pipper  transients.  The  direct  force  modes  were 
also  considered  to  hold  promise  for  some  unusual  and  effective  defensive 
maneuvering  capabilities,  but  larger  authority  levels  than  obtainable  on 
the  CCV  YF-16  were  desired  by  most  of  the  pilots. 
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providing  reasonable  auchority  P"  P  ^  ^ge  of  Che  CCV  controller,  the 
Ld  to  he  held  in  “’’"LStTtJle  aircraft  retnmed  to 

pipper  moved  sharply  away  proportional  input  on  the  CCV 

^lign  with  the  velocity  vector  3olution  through 

controller  .while  trying  to  keep  ■  ^  ^  ^  one  pilot  referred  to 

changing  forces  on  the  rapidly  reach  and  hold  full 

as  a  hand  conflict.  ^  ®  ^  chanced.  The” pilot  had  to 

pointing  capability  as  the  tnaneu  ^  j  reached  and  revert 

imedlately  teallte  “X'”, “ucllons.  This  «.nld  resnlt 
to  basic  aircraft  pp"""!  poStlag  capability  being 

in  maneuvering  the  aircraft  unwanted  lags  in  tracking.  Even  with 

commanded  and  at  times  in  ro  hiehlv  as  far  as  its  potential  for 

these  drawbacks,  the  mode  rated  tie-in  with  the 

improvement.  Most  ^  effective  gunnery  system, 

fire  control  system  would  make  a  very  en 

The  translation  modes  were 

staady  state  anthotlties  "X‘f.  ’'rh'.^ictlfJ  had  a  tendency  to 

maneuvering.  Due  to  the  open  ^  P  removed.  This  was  bothersome 

coast  after  a  tra-.slation  co^d  ^ad^been^-m _ 

to  the  pilot  as  he  tried  .  ,  translation  modes  could  be  used 

position  was  not  easily  pre  unlever  the  task  was  adequately  handled 

for  formation/ station  keeping,  ^  improved  means 

with  the  basic  aircraft  •  one  exception  was 

of  accomplishing  the  task  did  n  •  „odes  were  believed  to  offer 

appllcnclon  In  -fnoling  op.rncpon.  Thn^CCV  -dnj^_ 

Significant  advantages  in  this  ca  considerations,  such 

-$r.riLi^n^td"nn?“rn;riL?r^  vIcH  CCV  »dn,  .ngdgnd 

was  prohibited. 

Foe  thn  alr-to-geound  unrk,  S^craft°(nS«''l2>'  ''''1=  "X® 

an  Inpcoveijent  as  I.plenanted  ™  capability  it  ptnvid.d:  and,  2) 

ShriSLt".:  sipiisr-r  Ung^«-  -^d.,  ?.;i=itrr„\h. 

ruo'lng^hcXhiO”-  “>■“  X"  ”-<■  nccnclish- 


ment. 


Direct  side  force.  Ay, 


received  favorable  pilot  racing  for  both 
«  _  _ ^  1  T  ml  n  A  t*  1011  of 


receivea  Lavutciux.^  -  ^ 

- The  orimarv  advantage  was  elimination  ot 

strafing  ''^.^‘’’"oU^^ack  to  make  directional  corrections.  The 

having  to  roll-pull-roll  back  ,-™n,ediatelv  and  easily  determined 

effect  of  each  correction  "unchanged.  Rudder  pedals  for 

since  the  ba.sic  sight  pictur  easily  adapted  to  their  use.  The 

commands  were  well  ®  ^  excessive  for  terminal  tracking.  The  mode 
authority  provided  ^PP®^’^  .  air-to-ground  tasks  because  _ 

found  only  sparing  app  ic^  specific  problem  and  was  easily  accomplished 
longitudinal  control  posed  P  j  ^he  force  button  was  not  natural 

with  the  normal  stick  commands,  use 
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tor  tho  pilot  in  these  tasks,  and  cross-talk  between  button  and  stick 
existed. 


Pointini;  capabil  ity  in  both  axes  was  found  useful  for  strafing  runs. 
Two  techniques  were  used  with  pitch  pointing.  In  the  first  method  the 
pipper  was  allowed  to  walk  up  to  the  target  and  was  then  held  on  the  target 
with  the  pointing  capability  to  provide  a  longer  firing  opportunity.  The 
second  technique  involved  using  full  hose  do\>m  pointing  throughout  the 
run.  This  allowed  considerably  more  ground  clearance  during  lovr-level 
passes.  For  bombing,  the  point irg  modes  were  not  appropriate  since  the 
velocity  vector  was  not  being  ciuinged.  There  was  one  exception.  It 
was  possible  to  use  the  mode  to  mimic  the  translation  mode’s  crosswind 
cancelling  capability  with  higher  responsiveness.  This  was  accomplished 
by  establishing  a  crab  in  the  normal  miinner  to  counter  the  crosswind 
and  allow  the  flight  path  to  cross  tiie  target.  Then  yaw  pointing 
was  used  to  align  the  nose  with  the  resultant  velocity  vector  giving 
the  pilot  a  good  HUD  sight-target  picture. 

Longitudinal  translation  was  useful  in  the  power  approach  for 
miiintaining  a  desired  glide  path.  However,  duo  to  the  limited 
authority  and  slow  response, it  was  not  satisfactory  for  strafing  or 
bombing.  In  addition,  the  normal  longitudinal  command  provided  adequate 
control  for  these  tasks.  The  lateral  translation  capability  was  useful 
for  crosswind  corrections  during  both  landing  approach  and  dive  bombing. 

It  could  also  be  used  to  attack  moving  targets  from  an  approach 
perpendicular  to  the  target’s  motion.  Slowness  of  response  and  the 
requirement  to  hold  a  constant  button  force  during  mode  usage  were 
considered  drawbacks  of  these  two  modes. 

SIMULATION  INVEST  lUA TION 

Results  of  the  flight  testing  showed  the  need  for  additional 
unconventional  control  mode  studies.  Pilot  comments  cloarlv  indicated  the 
capability  provided  by  the  unconventional  modes  had  the  potential  for 
improving  the  aircraft’s  effectiveness,  but  some  aspects  of  the  particular 
implementation  on  the  test  vehicle  were  tmsatis factorv.  Tlie  two-axis 
force  button  selected  after  evaluation  of  several  types  of  controllers  in 
a  fixed-base  simulation  at  Ueneral  Dynamics  provided  adequate  for 
engineering  evaluations  but  lacking  for  operational  usage.  Various  mode 
authorities,  responses  and  mechanizations  were  found  to  be  inadequate  for 
tracking  and  weapon  delivery  tasks.  The  flight  test  effort  had  been 
extremely  ambitious  in  terms  of  fliglit  rate.  This  restricted  modi f icat ions 
from  being  accomplished  to  the  CCV  hardware  except  to  satisfv  safety-of- 
f light  requirements.  As  a  result  of  these  findings,  the  Flight  Control 
Division  of  the  Flight  Dynamics  I.aboratory  initiated  an  extensive 
simulation  investigation  to  bo  conducted  on  tlie  Large  Amplitude  Multi- 
mode  Aerospace  Rosearcii  Simulator  (I.AMARS)  shown  in  Figure  13.  LAMARS 
I’omprises  part  of  tie  Flight  Dvnamics  La.horatorv * s  Engineering  Flight 
:'iruIaM‘on  Fa.:  ill  tv  if  ■*> igh t -Pa t terson .  The  splicro,  containing  a  single 
jjlace  cockpit,  and  tlie  30  ft.  support  beam  are  computer  controlled  to 
provitle  rc-aiisLic  ceckPit  motion  cues.  The  pilot’s  visual  display  is 
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projected  on  Che  interior  of  the  20  ft,  sphere.  It  can  be  either  a  simple 
sky/earth  image  or  projection  of  terrain  features  from  one  of  two  15  ft. 
by  48  ft.  terrain  boards.  An  air-to-air  target  aircraft  projector  is  also 
included  for  combat  simulations.  The  spherical  contour  provides  a  maximum 
266  degree  horizontal  and  108  degree  vertical  field  of  view.  Motion 
capability  of  the  simulator  is  listed  in  Figure  14.  A  hybrid  computing 
system  forms  the  core  of  the  simulation  facility.  Nonlinear  aerodynamics 
and  the  complete  YF-16  and  auxiliary  CCV  control  system  have  been  modeled 
on  the  computers. 


Fig  13  LAMARS  Facility 

Major  emphasis  of  the  simulation  program  will  be  the  development  of 
Task-Oriented  CCV  control  modes.  The  LAMARS  effort  will  pursue  two 
different  approaches  in  the  investigation  of  unconventional  aircraft 
maneuvering  capabilities.  The  first  will  be  concerned  with  minor 
modifications  to  the  CCV  modes  as  they  were  implemented  on  the  YF-16. 
This  approach  is  aimed  at  resolving  basic  problems/shortcomings 
highlighted  during  the  flight  test  program.  Candidate  changes  are 
listed  below: 

®  CCV  controller  gradient  variations 

®  Alternate  gain  scheduling 

®  Integral  command  of  pointing  and  translation  modes 

o 


Elimination  of  opera tiug  restrictions 
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Mode  authority  matching  and  tailoring 
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Fig  14  LAMiXRS  Motion  C.ip.ibilicy 

The  gradient  variations  and  gain  schoduling  are  both  intended  to 
reduce  mode  sensitivity  evident  in  the  a ir-to-ground  tasks.  An  integral 
mechanization  would  allow  **pulse'*  type  Inputs  */ithout  requiring  the  pilot 
to  hold  CCV  commands  during  a  tracking  task.  Unfortunately,  this 
quickly  results  in  mode  authority  saturation.  A  trim  type  follow-up 
technique  is  needed  in  which  adverse  pipper  motion  does  not  result.  In 
order  to  develop  ’'pure**  CCV  modes  and  insure  safety  from  failures  with 
the  limited  redundancy  employed  in  flight  test,  rather  severe 
restrictions  were  placed  on  several  modes.  The  emphasis  will  now  be  on 
obtaining  ’’useful'*  modes  by  reducing  these  restrictions  such  as  bank 
angle  and  ot  limits  and  accepting  impure  responses.  In  the  interest  of 
providing  the  pilot  with  a  useful  tool,  authority  of  the  modes  will  be 
tailored  to  the  operational  task  and  matched  in  both  axes  for  control 
harmony.  In  addition,  the  CCV  modes  will  be  evaluated  w-ith  several  HUD 
gun-sight  systems  to  ascertain  the  benefits  and  problems  associated  with 
such  use. 

The  second  approach  involves  alternate  methods  of  providing  the  CCV 
capabilities  to  the  pilot  and  new  control  law  structures.  It  includes 
consideration  of  the  following  techniques: 

°  Blended  modes  using  only  the  YF-16  sidestick 

®  Weapon-line  stabilization  and  improved  gust  alleviation 

®  Closed^loop  velocity  command 

Based  on  the  acceptance  by  the  pilot  of  the  maneuver  enhancement 
mechanization  and  the  fact  that  pilot  workload  was  actually  increased 
with  the  additibn  of  another  controireir  ifi  the  cockpit,  blending  of  CCV 
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modes  with  the  basic  aircraft  controls  is  needed.  Such  blending  must  not 
result  in  adverse  transients  on  initial  command  or  when  reaching  maximum 
CCV  authority.  In  addition,  a  means  must  be  provided  to  washout  CCV 
inputs  to  prevent  combat  maneuvering  with  residual  canard  or  flaperon 
deflections.  The  mode  to  be  blended  will  be  selected  based  on  its 
usefulness  in  the  particular  mission  phase  being  flown.  The  techniques 
being  considered  included  frequency  selective  separation  of  CCV  versus 
conventional  stick  inputs  using  filter  techniques  and  separation  based 
on  detected  command  magnitude  and  rate.  In  both  cases  gradual  removal 
of  the  CCV  mode  in  steady  state  is  required.  A  recentering  technique 
allowing  placement  of  CCV  command  gradient  within  the  basic  control 
system  stick  force  gradient  is  also  being  examined.  Such  a  technique 
would  provide  the  CCV  capability  as  a  vernier  control  for  the  pilot 
while  allowing  normal  aircraft  maneuvering  for  large  inputs.  Such  a 
recentering  scheme  must  allow  full  aircraft  capability  to  be  commanded 
and  must  not  produce  an  unacceptable  stick  force  per  *’g**  relationship. 

Work  is  bjing  conducted  to  arrive  at  an  optimum  design  of  maneuver 
enhancement  to  provide  weapon^line  stabilization  for  improved  gunnery. 

In  this  application  the  primary  design  objective  is  faster  acquisition 
and  better  tracking  as  opposed  to  simply  quickened  maneuvering  response. 
Changes  to  improve  the  gust  alleviation  capability  are  also  being 
studied,  but  the  focus  is  on  reducing  pipper  disturbance  rather  than 
improving  ride  quality. 

Closed-loop  design  providing  a  velocity  command  system  for  the 
translation  modes  is  aimed  at  faster  mode  response  and  the  elimination 
of  coasting.  With  such  a  design,  the  pilot  would  command  vertical  or 
side  velocity  instead  of  flaperon  or  canard  deflection.  The  control 
system  positions  the  surfaces  as  needed  to  develop  or  cancel  independent 
translations.  This  would  improve  mode  usefulness  in  tasks  requiring 
precise  positioning  and  possibly  allow  application  to  combat  maneuvering. 

The  flight  test  also  accented  the  need  for  more  operationally 
oriented  evaluation  techniques.  The  HQDT  constant  "g*’  and  WTT  tracking 
maneuvers  for  20  to  30  seconds  are  not  reasonable  for  representation  of 
the  air-to-air  combat  situation.  Although  providing  useful  information 
on  basic  control  characteristics  in  a  tracking  task,  it  is  not  well 
suited  for  task-oriented  design.  In  an  effort  to  solve  this  problem^ 
the  LAMARS  simulation  will  be  using  various  weapon  delivery  scoring 
techniques  based  on  aircraft  position,  xarget  location  and  munition 
ballistics.  However,  HQDT  type  data  will  be  taken  for  correlative 
purposes.  Target  aircraft  combat  algorithms  to  allow  realistic  operational 
task  evaluation  of  the  CCV  modes  have  also  been  developed. 

CONCLUSIONS 


Flight  testing  of  the  Fighter  CCV  has  provided  valuable  insight  into 
the  implications  to  manual  control  of  uncoupled  aircraft  motions.  A 
pronounced  learning  curve  was  encountered  due  to  the  very  unusual 
maneuvers  possible  with  the  CCV  modes  in  the  flight  evaluation.  '  While 
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providing  additional  -apability,  the  open-loop  modes  sometimes  resulted  in 
an  increase  in  pilot  workload  with  the  addition  of  another  controller. 

Use  of  rudder  pedals  for  A.,  command  was  natural  for  the  pilot.  The  one 
blended  closed-loop  mode,  Jlaneuver  Enhancement, was  found  to  be  beneficial 
during  all  evaluation  tasks.  Although  requiring  optimization,  the 
blending  technique  was  readily  accepted  by  the  pilot.  The  flight  test 
program  demonstrated  the  feasibility  of  decoupled  aircraft  control  and 
verified  predicted  performance  levels.  It  also  provided  an  indication 
of  the  usefulness  of  these  new  control  modes  in  operational  tasks. 


The  urgent  need  for  task-oriented  control  mode  Investigations  was 
clearly  indicated  during  the  test  program.  The  CCV  modes  were  implemented 
from  an  engineering  standpoint  of  obtaining  "pure"  motion  with  well- 
behaved  responses  and  maximum  capability  throughout  the  flight  envelope. 
Emphasis  must  now  be  placed  on  designing  to  the  specific  task  application. 
Through  the  use  of  AFFDL's  large  moving-base  simulator  and  lessons  learned 
from  flight  testing,  engineering  efforts  are  underway  to  provide  CCV 
capabilities  to  the  pilot  in  a  m-anner  that  will  significantly  improve 
fighter  aircraft  effectiveness.  Prior  to  adaptation  In  future  designs, 
these  capabilities  must  be  provided  in  ways  which  do  not  complicate  cne 
manual  control  task.  A  multimode  approach  is  indicated  in  which  the 
pilot  is  provided  with  various  predetermined  combinations  of  conventional 
and  CCV  control  tailored  to  the  specific  mission  phase. 
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Abstract 

Given  adequate  open-loop  specifications,  for  example,  aircraft  handling 
qualities  criteria,  design  techniques,  particularly  modern  control  approaches, 
are  available  to  the  system  designer  for  syothesizing  even  the  most  complex 
flight  control  systems.  Unfortunately,  however,  weaknesses  exist  in  the 
handling  qualities  areas,  particularly  for  “non-conventional"  aircraft  such 
as  V/STOL  and  control  configured  vehicles  (CCV's).  In  this  paper,  an  aug¬ 
mentation  synthesis  method  usable  in  the  absence  of  quantitative  handling 
qualities  specifications,  and  yet  explicitly  including  design  objectives* 
based  on  pilot-rating  concepts,  will  be  presented.  The  algorithm  involves 
the  unique  approach  of  simultaneously  solving  for  the  stability  augmentation 
system  (SAS/  gains,  pilot  equalization  and  pilot  rating  prediction  via  opti¬ 
mal  control  techniques.  Cimultaneous  solution  is  required  in  this  case  since 
the  pilot  model  (gains,  etc.)  depends  upon  the  augmented  plant  dynamics,  and 
the  augmentation  is  obviously  not  a  priori  known.  Another  special  feature 
is  the  use  of  the  pilot’s  objective  function  (from  which  the  pilot  model 
evolves)  to  design  the  SAS. 


Introduction 


Given  adequate  design  specifications,  or  aircraft  handling  qualities 
criteria,  and  a  valid  system  model,  design  techniques,  particularly  modern 
control  approaches,  are  available  to  the  system  designer  for  synthesizino 
even  the  most  complex  flight  control  systems.  Unfortunately,  however,  weak¬ 
nesses  exist  in  the  design  specification  area  for  non-conventional  aircraft- 
such  as  V/STOL  and  control  configured  vehicles  (CCV's).  The  assertion  here 
is  that  due  to  the  "non-conventional,"  multi-variable  nature  of  the  vehicle 
(and  the  piloting  task  in  the  case  of  V/STOL),  and  due  to  the  anticipated 
complexity  of  the  systems  involved,  a  "non-conventional"  approach  to  the 
control  design  problem  is  worthy  of  investigation. 

Since  pilot  acceptance  is  the  ultimate  criteria,  in  the  absence  of  prior 
pilot  opinion  we  must  predict  pilot  rating.  This  is  in  contrast  to  design' 
methods  which  attempt  to  a  priori  define  "good"  dynamics,  and  then  use  a* 
model -foil owing  design  techniqueLl J,  that  is,  design  the  augmentation  so  the 
augmented  systp  will  behave  like  the  "good"  model.  One  major  drawback  to 
thi?  approach  is  that  one  is  never  sure  that  the  pilot  -will  agree  with  the 
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designers  choice  of  "good"  dynamics. 


To  predict  pilot  rating,  some  form  of  pilot  model  is  required  and  two 
types  of  pilot  models  exist.  Each  have  been  used  extensively;  they  include 
describing-function  nodelsL-iJ  and  optimal  control  modelsCSJ.  it  is  felt 
that  for  the  problem  at  hand  the  optimal -control  pilot  model  is  ideal.  It 
IS  more  compatible  with  the  multi-variable  aspects  of  the  problem  and  the 
advanced  control  design  techniques  already  existing.  Also,  the  form  of 
the  pilots  equalization  network  is  automatically  determined,  a  very  impor¬ 
tant  property  in  this  case.  ^ 


pilot  modeling  approaches  have  been  used  primarily  to  study 
closed-loop  system  performance.  Recent  application  areas  for  the  optimal 
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control  model  include  low-yisability  landing  of  CTOLL^J  and  STOL  aircraft^" 
end  the  stability  of  the  pilot  aircraft  system  in  maneuvering  flightL®j 
However  any  stability  augmentation  systems  in  these  studies  were  designed 
initially,  from  handling  criteria  for  example,  then  the  system  performance 
evaluated  as  a  separate  step.  That  is,  the  SAS  was  designed  first  using 
the  conventional  approaches  (e.g.,  pole  placement),  then  the  pilot  model 
mance  the  augmented  system  to  evaluate  "piloted"  system  perfor- 


*u  approaches  include  the  pilot  as  part  of  the  plant^^^.  then 

the  SAS  design  proceeds  for  the  "pilot-augmented"  plant.  Buy  the  form  of 
the  pilot  model  must  be  assumed  before  beginning  this  design  process  an 
undesirable  situation  for  systems  with  non-conventional  plant  dynamics. 

The  pilot  is  known  tc  adapt  his  gain  and  form  of  equalization  to  the  plant 
and  task,  but  selecting  the  pilot  model  a  priori  would  tend  to  imply 
knowledge  of  and  invariance  of  the  form  of  pilot  model.  Hence,  the  form  of 
the  pilot  model  should  be  determined  as  an  integrated  part  of  the  system 
design.  As  stated  previously,  this  is  naturally  accomplished  with  the 
optimal -control  pilot  :^odel. 

An  analytical  pilot  model  has  also  been  used,  although  not  as  freauentlv 
th  opinion.  The  most  notable  of  these  techniques,  applied  to 

the  VTOL  hover  task,  was  the  "paper  pilot"  developed  by  Anderson[8>5]_ 
this  approach,  parameters  in  the  pilot  describing  function  of  assumed  form 
a  e  chosen  such  that  a  pilot-rating  metric  is  minimized.  This  metric  con- 
sists  of  a  measure  of  performance  (e.g.,  rms  tracking  error),  and  a  measure 
of  pilot  workload  (e.g.,  the  anioun^  of  lead  the  pilot  must  introduce).  In 

techniqueLlOl  ^  was  found  that  a  pilot  rating  func" 
tional  based  on  easily  measured  motion  quantities  was  adequate  for  pilot 
opinion  prediction.  However,  the  proposed  pilot  model  was  found  to  require 
some  additions  for  better  system  performance  predictions.  Notably,  these 
improvements  included  modification  in  form  (describing  function)  and  th^ 
addition  of  the  pilot’s  remnant  (or  the  "random"  portion  of  the  pnot^  con- 

t.ol  input.)  nence,  again  we  see  the  problems  created  by  imposing  an  assumed 
form  of  the  pilot’s  describing  function.  ^  assumea 

i,^t  JiJii  to  be  alleviated  by  the  use  of  the  optimal  pi¬ 

lot  model.  In  ract,  HessL  ]  has  found  that  the  optimal  control  model  can 
be  used  equally  well  for  predicting  pilot  opinion,  and  has  used  this  approach 


in  analytical  display  design  for  helicopters^^  ’  Use  of  the  optitr,al 
pilot  model  for  pilot  rating  allows  fcr  a  natural  pilot-rating  metric 
via  the  pilot  model  objective  function.  Proper  selection,  based  on  the 
task,  of  the  state  and  control  weights  in  the  objective  function  pro¬ 
vides  for  the  determination  of  the  pilot  gains,  equalization,  and  pilot 
rating  prediction  simultaneously.  As  we  have  mentioned  previously,  this 
is  a  very  important  point  in  dealing  with  systems  with  non-conventional 
dynamics  for  which  the  pilot's  describing  function  may  not  be  'kpo’-'h.  I  .• 
this  approach  is  now  integrated  with  the  SAS  design  problem,  a  proposes 
design  procedure  results. 


The  Pilot  Model 

As  presented  in  Reference  3,  the  cotimal  pilot  model  eolves  from  the 
assumption  that  the  well-trained,  well -motivated  pilot  selects  his  control 
input(s).  Up  ,  subject  to  human  limitations,  such  that  the  following  oo- 
j active  is  minimized, 

,  T 

J  =  E  dim  j  /  (y'Qy  +  Q’Ru  +  olGQjdt} 

P  J-*<D  0  P  P  P  P 

The  dynamic  system  being  controlTed  by  the  pilot  is  described  by  the  funiliar 
linear  relation 

X  =  A  5  +  +  w 

P  P  P 

y  =  Cx  (1) 

where  x  is  the  system  state  vector,  Up  the  pilot  control  vector,  y  the  out¬ 
put  vector,  and  Q  is  the  vector  of  zero-mean  external  disturbances  with  co- 
variance 


t[w(t)w‘ (t+a)]  =  W6{a) 

Included  as  human  limitations  are  observation  delay,  t,  and  observation  noise, 
Vy.  So  the  pilot  actually  perceives  the  noise-contaminated,  delayed  states, 
or 


The  covariance  of  the  zero-mean  observation  noise  may  include  the  effects 
of  perception  thresholds  and  attentiori  allocation,  and  is  denoted 

ECv^(t)'?  (t+a)]  =  V^i(c) 

Defining  the  augmented  s'.ate  vector,  x  =  col[x,Up],  the  solution  to  the  problem, 
or  the  pilot's  control  is  given  as 


Up*  *  -S’^CO',I]KpX 


where  Kp  is  the  positive  definite  solution  to  the  Riccati  equation 

.  pp’ 

0l  0  ; 


"o’:’  0 


K  - 

p  p 


\  I 
P  I  _P 


+  K  B  G‘^B„'K  =  K 

p  0  op  P 

It  win  be  convenient  to  partition  Kp  such  that 
^  ■  ^3 :  ^4 


(2) 


and  note  that  now  the  equations  for  the  optimal  control  Up*  is 
5*  =  -G'Vv  X  -  u* 

P  P3  P4  P 

or  a  linear  feedback  of  the  best  estimate  of  the  state,  x,  and  some  control 
dynamics.  (These  control  dynamics  have  been  shown  to  be  equivalent  to  the 
pilot's  neuro-muscular  lag.) 

Now,  the  state  estimator  consists  of  a  Kalman  filter  and  a  least-mean 
square  predictor,  or 

i(t-T)  ■  .  sCp'v;'[Yj,(t) 

-  CpR(t-T)]  +  BpU*{t-T) 


An!  - 

x(t)  =  a(t)  +  t  ^  Cx(t-T)  -  3(t-T)] 


tTo  model  the  pilot's  remnant,  motor  noise  is  usually  added  to  the  control 
equation.  The  final  pilot's  control  is  represented  by 


u*  =  -G'Vv  X  -  G"V.  u*  +  G‘^K  V 
P  P3  P4  P  P4 


where 
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with  I  =  AS  +  BpUj 

^  is  the  solution  of  the  Riccati 
th.  estimation  error  covariance  matrix  . 

equation 

A  £  *  SAp  *  “  - 

solved,  determines  the  optimal-control  pilot 

This  system  of  equations,  w 

"“’pinall,  as  noted  prevloosly.  Hess  has  Jo-d  thaJ^.h-pfptvr'fSa5rn 
?;’o°pl-Hrrprr’system,  the  relation  is 


Pilot  Rating  (PR)  "  2-53  in  (10  Jp)  *  0.2fl 


Pilot  Rating  ' 

1  unn  of  the  pilot  model  above,  we  now 

the  dynamic  system. 

Augmentation  Synthesis  Method 

In  the  determination  of  the  P'’°',“Jf  „"“rlS'a!  and’oj.  Hovever, 
?r„re'?hrto*^lSStr"hlrnrt  S^e^ned.  tie  avgmeSted  plant.  A,  and 
is  as  yet  unknown. 

consider  the  un-augmented  plant  dynamics  to  he  descrihed  Oy 

j  =  Ai  +  Bu  +  w 

ohere,  as  hefore,  x  Is^ho  state  vec«r- 

vector.  However.  A  and  8  are  now^t  Pp  the  plant 

'c?5de°"p"ol  rnrut.''8p.  pi-P  aoimentatlon  Input.  u„s.  or 
U  “  “p  “SAS 

Further,  {rom  ^he^pllot^model  .^we^know^tha^.^^ 

(e.g.,  2 

in  expressible  as 

1^-1-  (3) 

L  •  -g''k„  5  -  6  "p^P 
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Now,  the  estimate  of  the  state  Z  k 

state  plus  some  estimation  error!’?!  Jr  ^erms  of  the  true 


control  eiuation  ar°^  another  disturbance,  w^,  we  can  write  the  pilot's 

•  « 

“p  ’  '^D  ^  5  +  w 

^  P3  P4  p  p 

well!)  ^^ombiniSjISf!  Jel'an'S’wuJ  ?hrDl""^2®  « 

we  have  ^  relation  with  the  plant  dynamic  and  pilot  equatiL 


.  P 


-G-'K 


where  x  *  coirx,G  ]. 

P 


'  -G’^K 


“SAS  " 


fw  1 


We  now  may  proceed  to  determine  an  objective  function  for  detennining 

functrjrwfcieaH^’serjhJrjSrb^  objective 

tip  P’lot-  objective  function  Therefore  rating  implies 

ML”- 

gams,  we  must  also  penalize  auomenLtion^rnnt  mfinite  augmentation 
awntatfon  (s  chosen  to  mfn?Sr  '""W-  Therefore,  the 

■'SAS  ■  Jp  *  E  Hi.  )/  3'  ,  F  3,.,  dt! 


^  •  "ft  *  H  *  =«sE=sas!-«i 

anA  Q.  A.  and  G  are  as  chosen  ,n  the  p„ofs  ohpec.e  fonCon.  d  , 
This  .may  be  written  as  ^ 


21? 


where 


SA5  '  0 


C'QCp  +  K'  G‘''Kp  ;  K*  G‘  Kp^ 

3  3 1 

K'  G-Vp  ;  s-'s, 

^4  ^3  •  4  4] 


M  ,-nct«rf  Of  Eauation  3  being  substituted  for  On  ^  the  above  JsAS*  «« 
t^nJoleffson  orserraJion  principle  and  substituted  the  relation 

u  =  -G  ^Kp  X  *  G  % 

P  '■^3  4 

The  justification  tS^Jerform"'' 

Se=S‘nUo5“  Te  5no?  .s  capaPhf  ^.n,  PO. 

Ufth  this  objective  tunctlor  and  the  system  dynamics  given  in  Ejnetion  4, 

S:L^emlned'of«o«e!'^f^?°ap«^fi^  state'’  feedback, 

the  solution  of  this  problem  is  known  to  be 

•at.,  ■ 


■  -f  S'K,,,.;  -  f  B'Fsas  “p 


where 


'SaS^  ;  “^SAS^ 


5AS3  :  "SAS^ 


is  the  solution  to  the  Riccati  equation 


-g'’^k'  i  -G'^Kp 


A  i  B 


*^SAS  '^SAS  _r‘-V  1  -G"i 


-G-'Kp  I  -G  'Kp 

P3  .  ‘'4 


B 

+  K.,.  -  F  ^[B- 


i  °^'^'SAS  “  “^SAS 
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or  K  “(or'?  sC'-tloo  for  KjAS  ob.louol,  OepeoOs 

™fo'’(pSnJ?3.  5?  “"'"■"'"9  to  the  Riccatt  eouation  for  the  pilot 

SAS  fliin?  equation  depends  in  turn  on  the 

nianf  mai-  pilot  Riccdti  equation  involves  the  augmented 

plant  matrices  Ap  and  Bp.  As  a  result  of  the  SAS  design  procedurelSr^- 

however,  the  SAS  structure.  Returning  to  the  pilot^ 
mode  ,  we  may  now  include  this  SAS  structure  specifically,  so  that  A  and  B 
(as  in  Equation  1)  may  in  fact  be  expressed  as  P  P 

Ap  .  A  .  BF-'b'K3,3^ 
and  Bp  .  B(I  -  F-'b’K3p3^) 

expressions  in  the  pilot  Riccati  equation  yields  two 
coupled  Riccati  equations,  one  for  the  pilot  gains.  Equation  2,  and  one  for 
the  SAS  pins.  Equation  5.  These  may  be  solved  simultaneously  for  Kcac  and 
’"^®p3ting  pth  epations  backward.  Note  that  this  solution  does  not 
Figure^l^  two-point-boundary-value  problem.  The  system  is  represented  in 

^.Simple  Numerical  Example 

9(s)/5(s)  =  K/S^,  K  =  11.7 

The  command  signal,  e,-,  is  white  noise,  w,  passed  through  the  filter 
9c(s)/w(s)  =  3.S7/(s^  +  3s  +  2.25) 

and  E(w)  =  0,  =  1.0 

w 

If  we  define  the  state  vector  as  i  =  col (9c,Oc,0.e) ,  we  have  the  plant 
X  »  Ax  +  Bj  +  3.67w 

where 


0  0 
0  0 


0  1 


0  0 


B'  =  [0,0,0,11.7] 
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AUGMENTED  PLANT 


5 


Figure  1  PiltteU  Vehicle  Schematic 


for  this  system,  error  and  error  rate  are  perceived  by  the  pilot  or 


®c  ‘ 

s 

T. 

0 

-1 . 

0“ 

>  ■ 

e 

1 

0 

1 . 

0. 

-1. 

The  performance  index,  chosen  consistent  with  Hess's  rating  hypothesis  is 
1  =  E  {Tim  1  /  [{0^  -  0)^  +  .0l6p  +  9-5p3dt} 

P  T-o  0 

and  q  is  chosen  to  yield  a  neuromuscular  lag,  1/tn.*  ^ 

S  i  seionSs!  UnaguLnted.  the  pilot  Riccati  equations  are  solved  with  the 
following  noise  statistics  (human  limitations) 

1)  Equal  attention  allocation  between  error  and  error  rate.  ^ 

2)  Observation  thresholds  on  error  and  error  rate  =  0.5(units  of  display 

displacement.)  2,  •  i  o 

Sensor  noise,  {Vy)ij/E{yi)  “  p-1.  * 

Motor  noise.  (Vu5/e(u2)  =  -20db,  where  u^-  -G 
Observation  delay,  t  =  9.1  seconds 


3) 

4) 

5) 


Ue  the  follows,  table. 


Table  1.  Un-augmented  System  Performance 

(6^  -e)  rms  rms  Jp 

-  1  17~  TW  1.39 


*  This  pilot  rating  has  been  verified  by  experiment 

Assuming  full-state  feedback,  the  augmentation  control  law  is 


•SAS  “  -’^l^c  - 


K,e  -  Kjap 


The  SAS  objective  function  is 

■'sAs  ■  ■'p "  ^  ‘)i;  f  ^0 


n  -.2 


dt) 


so  the  piloted  plant,  including  augmentation  will  be 
X  =  ApX  +  SpOp  +  3.67w 

where  - 
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0  1. 

0 

0 

-2.25  -3. 

0 

0 

* 

i 

0  0 

0 

1. 

-11. 7K^  -II.7K2 

-II.7K3 

-II.7K4 

=  [0.0,0. 11. 7(1-K^)] 

Solving  the  pilot  and  SAS  Riccati  equations  simultaneously,  and  then  de¬ 
termining  piloted  system  performance  as  before  yields  the  results  aiven 
in  the  following  table. 


Table  2  Augmented  System  Performance 

f 

(9^  -  e)  rms 

Op  rms 

Jp* 

P.R.** 

100.0 

1.10 

0.89 

1.21 

6.6 

10.0 

0.79 

0.61 

0.62 

4.9 

1.0 

0.38 

0.35 

0.15 

1.3 

*  Note  this  is  the  numerical  value  of  the  pilot's  objective  func<-ion  J 
not  JsAS-  ’  ’  P’ 

**  Predicted  pilot  rating  based  on  Jp, 


The  augmentation  gains,  Ki  -  K4  and  for  the  three  cases  above  are 
in  Table  3,  along  with  the  augmented  plant  eigenvalues. 


given 


Table  3  Augmentation  Gains 


f 

Plant  Eigenvalues* 

100.0 

-.009 

-.002 

.009 

.003 

.004 

-.017+. 331 j 

10. 

-.078 

-.016 

.084 

.024 

.036 

-.142+. 982 j 

1. 

-.513 

-.090 

.542 

.130 

.155 

-.758+2. 40 j 

Not  including  noise  filter  eigenvalues  of  course. 


Summary 

In  summary,  we  have  cited  the  flight-dynamic  and  control  problems  of 
non-conventional  flight  vehicles  (V/STOL  and  CCV)  due  to  the  complex! tv  of 
augmentation  required  and  the  lack  of  handling  qualities  objectives  We 
have  presented  a  methodology  intended  to  be  suitable  for  this  type  of  oro 
blem.  The  method  uses  an  optimal  control  pilot  model,  not  only  to  predict 
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piloted  performance  but  pilot  rating  as  well.  With  the  optimal -control  model 
structure,  we  were  able  to  formulate  the  augmentation  synthesis  problem  as 
an  optimal  control  problem  with  tha  parameters  in  plant  matrices  depending 
on  the  pilot  model,  and  vice  versa.  This  necessitates  simultaneous  solution 
of  the  two  (pilot  and  augmentation)  problems.  We  have  included  the  form  of 
the  solution  under  the  assumption  of  full-state  variable  feedback  and  no 
measurement  noise,  and  a  simple  numerical  example. 

The  first  extension  to  be  addressed  will  be  the  solution  for  the  case  of 
liniit6d  stdt6  f6edbdck/  This  case  is  actually  closer  to  pure  plant  augmen- 
tation  than  the  case  addressed  here.  In  our  solution,  and  in  the  example,  we 
have  closed  the  tracking  loop,  and  pure  plant  augmentation  would  only  feed 
back  plant  states.  However,  the  primary  purpose  of  our  discussion  here  was 
to  provide  the  problem  structure  which  would  be  unchanged  regardless  of  aug¬ 
mentation  approach. 

Further  extensions  will  also  include  the  cases  with  state  estimation, 
with  and  without  measurement  noise.  Also,  the  necessity  of  pre-tunina  the 
pilot  model  will  be  investigated. 
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ADSTR.\CT 

A  new  approach  to  flying  qualities  specification  and  evaluation  is  presented 
which  coordinates  current  research  in  the  areas  of  pilot  ratings,  pilot-aircraft 
modeling  techniques,  and  simulation  and  flight  test  procedures.  A  time-domain  pilot 
model  is  described  which  can  model  discontinuous  and  nonlinear  pilot  behavior  in 
conjunction  with  completely  general  time-varying  nonlinear  aircraft  models  to  simu¬ 
late  discrete  manuevers.  This  pilot-aircraft  model  is  applied  to  an  existing  set  of 
in-flight  simulation  data,  and  calculates  tracking  error  and  time -on- target  statistics 
for  step  target  tracking  that  directly  relate  to  the  reported  pilot  comments  and  ratings. 
Predicted  step  target  tracking  data  tor  eighteen  l'-5E  flight  conditions  are  presented, 
and  the  use  of  the  method  for  control  system  flesign  is  demonstrated  using  the  YF-17* 


INTRODUCTION 

Pilot  ratings  and  pilot  comments  often  refer  to  two  basic  kinds  of  evaluation: 

li  How  well  can  the  aircraft  be  made  to  perform? 

2)  How  hard  is  the  task  to  carry  out? 

Since  tliese  two  questions  are  asked  simultaneously  by  the  Cooper- Harper 
decision  tree  employed  by  the  pilot  in  assigning  a  rating,  performance  and  pilot  work¬ 
load  are  combined  into  a  sing?;  scalar  quantity,  the  rating.  Pilot  rating  prediction 
formulas  have  been  developer  mat  weight  normalized  statistical  performance,  usually 
an  rms  tracking  error,  along  with  an  assumed  correlate  of  pilot  workload,  such  as  the 
pilot  lead  compensation  constant.  Although  these  methods  have  correlated  well  with 
steady  state  tracking  data,  the  predictive  and  practical  aspects  of  this  approach  have 
vet  to  be  denionstrated,  especially  in  view  of  tlie  simplifications  required  in  task 
descriptions  and  system  models.  One  basic  problem  with  these  approaches  is  that 
pilot  model  parameters  of  lead,  reserve  attention  as  defined  by  additional  task 
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reciuiroments  on  the  pilot,  or  other  identifiable  pilot  characteristics  are  difficult  to 
relate  (tuantiuitivoly  to  pilot  comments.  Furthermore,  the  limitation  of  pilot  model 
analysis  to  steady  state  statistics  of  a  linearized  pilot-aircraft  model  precludes  analysis 
ot  discrete  lliRht  test  maneuvers  such  as  wind-up  turns  and  step  target  tracking. 

Furthermore,  as  the  control  ch.aracteristics  of  advanced  tactical  aircraft  depend 
mcreasingly  less  on  the  dynamics  of  the  bare  unaugmented  airframe,  the  existing  rela¬ 
tions  ot  handling  qualities  evaluation  parameters  to  airframe  dj-namics  become  less 
reliable.  Since  most  flying  qualities  evaluation  and  specification  methods  depend  upon 
this  correlation  between  airframe  parameters  and  pilot  ratings,  there  are  now  serious 
deficiencies  in  existing  design  criteria.  MII.-F-87S5B,  Militarj-  Specification.  Flying 
(Jualities  of  Piloted  Airplanes.  Reference  1.  presents  boundaries  of  acceptance  in  terms 
of  such  quantities  as  short  period  frequency  and  damping.  These  criteria  g  been 
obtained  through  operational  experience  with  large  numbers  of  past  and  current  aircraft, 
and  present  values  of  airframe  parameters  that  correlate  with  pilot  ratings. 

References  2  and  3  present  a  simple  and  direct  method  for  evaluating  the  per¬ 
formance  of  a  tactical  aircraft  performing  a  discrete  step  target  t  racking  maneuver 
This  approach  calculates  tracking  error  and  time-on-target  statistics  i  .  step  target 
tracking  m  a  way  tliat  is  directly  related  to  both  pilot  ratings  and  comments.  .As  a^n 
Illustration  of  this  technique,  the  definitive  in-flight  simulation  studv  of  longitudinal  flv- 

ing  qualities,  performed  by  Neal  luid  Smith.  Reference  4.  was  analvzed  in  terms  of  step 
tarj^et  tracking.  ^ 

The  objective  of  tias  paix)r  is  to  summarize  References  2  and  3  and  to  present 
further  lietails  and  applications  of  this  flying  qualities  prediction  and  evaluation  method 
by  demonstrating  VF-17  control  svstem  design  improvement. 


DISCRETE  AND  STEADY-STATE  TR.ACKL\G 

Much  analysis  of  c’osed  loop  piloted  tracking  has  been  published  for  random 
steady-state  tracking  tasks.  These  studies.  References  3  and  U.  for  example,  have 
demonstrated  that  pilot  moriels  are  useful  in  the  prediction  of  tracking  performance  of 
continuous  rxndom  tracking  tasks,  and  success  has  been  achieved  in  correlating  model 
parameters  with  pilot  opinion  ratings  obtained  from  flight  simulations.  Reference  7. 

However,  in  actual  Right  situations,  the  pilot  is  also  faced  with  the  task  of  per¬ 
forming  (,uick  corrections  to  fl  ight  path  or  attitude  errors.  The  abilirv  of  an  aircraft 


to  respond  well  to  such  discrete  corrections  in  a  short  tracking  time  is  therefore  of 
great  importance  to  flying  qualities  analysis.  This  is  particularly  true  in  target  track¬ 
ing  where  the  target  must  first  be  acquired  and  then  precisely  tracked. 

It  is  clear  that  the  objectives  of  quick  initial  response  and  precise  tracking  once 
the  target  is  acquired  are  to  some  degree  opposed.  If  the  pilot  pulls  the  airplanf'  toward 
the  target  too  rapidly,  unwanted  overshoot  and  oscillation  about  the  target  may  result. 

On  the  other  hand,  pulling  too  slowly  to  the  target  may  lead  to  s'.cady  tracking  but  with 
a  penalt>’  of  unacceptably  slow  target  acquisition.  The  ability  to  investigate  this  com¬ 
promise  and  predict  how  well  the  overall  task  can  be  achieveti  for  a  given  aircraft  is 
the  printarj*  advanttii;o  of  using  time-domain  pilot  models  to  investigate  step  target 
tracking. 

Consider  a  target  that  sucidently  appears  above  steady-state  trim  pitch  for  the 
tracking  aircraft.  The  pilot  sees  the  target  and  initiates  a  pull-up.  At  some  point,  say 
D  seconds  into  me  maneuver,  he  will  jiossibly  change  the  nature  of  his  control  to  initiate 
precision  tracking  and  reduce  steady-st.ate  errors.  By  repeatedly  flying  this  maneuver, 
he  will  learn  just  how  much  he  can  force  a  quick  initial  response  without  producing  over¬ 
shoot  and  oscillation.  The  jierformance  of  this  step  target  tracking  task  can  then  lie 
measured  by  rms  tracking  error  and  time-on-targei  for  a  given  pipper  size  and  total 
tracking  time. 

The  Northrop  time-domain  pilot  model.  Reference  3,  is  set  up  to  perform  this 
tracking  task  n  just  the  way  the  pilot  does  it  as  described  al30ve.  This  is  shown  in 
Figure  1.  There  will  be  two  forms  for  the  pilot  compensation  elevator  command  6^: 
one  which  provides  the  initial  target  acquisition,  and  the  other  after  time  D  has  passed 
whicli  controls  final  precision  tracking  and  eliminates  steady  state  errors.  These  are 
of  the  form: 
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acquihe  target 


TRACK  TARGET 


O 

< 
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0  0 

TiMt  'SECi 

Figure  1.  Definition  of  Step  Target  Tracking  Task 

where  6  is  pitch  angle  tracking  error  and  the  subscripts  I  and  F  refer  to  initial 
acquisition  and  final  tracking,  respectively.  Tl.e  term  represents  a  pilot's 
avoidance  of  steady  state  error  by  means  of  integral  control.  A  pilot  delay  of 
T  =  0.3  sec  will  be  used. 

The  following  quantities  must  be  adjusted  in  order  to  perform  a  simulation  of  this 
step  tracking  task  for  the  evaluation  of  a  given  aircraft  configuration: 

\  W  W  ''w 

This  adjustment  is  performed  using  an  optimization  principle.  For  the  analysis  of 
step  target  tracking,  it  will  be  assumed  that  the  pilot  optimizes  time-on-target  and 
that  this  leads  to  the  best  compromise  of  rapid  target  acquisition  and  steadiness  of 
target  tracking.  The  adjustment  rule  for  the  pilot  model  is  thus:  choose  the  param¬ 
eters  any  way  that  leads  to  maximum  time-on-target. 

PILOT  -  AIRCRAFT  A.\'ALYSIS  OF  LONGITUDINAL  STEF  TARGET  TRACKING 

One  of  the  most  familiar  and  widely  employed  guides  to  longitudinal  flying  qualities 
is  the  data  obtained  by  Neal  and  Smith  of  Cornell  Aeronautical  laboratory  during  an 
in-flight  simulation  sponsored  by  the  Air  Force  Flight  Dynamics  Uboratory  in  1970. 

The  test  matrix  included  variations  in  short  period  frequency,  damping,  and  control 
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system  parameters.  Flight  test  evaluation  included  pitch  angle  tracking  of  both  random 
and  step  commands.  The  reported  piiot  ratings  and  pilot  comments  cover  stick  foioes. 
predictability  of  response,  attitude  control/track  lag  capability,  normal  acceleration  con¬ 
trol.  effects  of  random  disturbances,  and  IFR  problems.  Most  pilot  comments  deal  with 
initial  response  ("predictability  of  response")  or  precision  attitude  tracking  controi 
("attitude  control/tracking  capability"). 

Forty-two  configurations.  Series  1  through  7.  were  calculated  and  presented  in 
Reference  3.  A  pipper  diameter  of  0. 005  radian,  a  step  size  of  0. 2  radian,  and  a 
tracking  Ume  of  5  seconds  were  adopted.  Since  the  system  was  linear,  any  choice  of 
step  and  pipper  size  that  preserves  the  40  to  1  ratio  will  lead  to  the  same  time-on- 
target  and  normalized  rms  ^  statistics. 

Figure  2  shows  the  calculated  step  tracking  response  of  one  of  the  better  configur¬ 
ations  surveyed.  7C.  which  was  given  a  rating  of  PR  =  1.5.  In  this  case,  the  rapid 
acquisition  of  the  target  leads  to  low  rms  while  the  steadiness  of  the  precision 
tracking  results  in  large  time-on-target.  On  the  other  hand.  Figure  3  shows  a  poor 
configuration.  IF  (PR  =  8).  that  has  sluggish  response  indicated  by  high  rms  0^.  Even 
worse  is  the  Inability  of  this  configuration  to  settle  out  on  the  target,  so  that  time-on- 
target  is  mostlv  achieved  during  target  crossings.  Other  configurations  show  a  wide 
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Figure  2.  Configuration  7C  Step  Tracking  Response 


225 


SLUGGISH  RESPONSE 

large RMStf. 


UNSTEADY  TRACKING  - 

LOW  TIME-ON'TARGET 


TIME  (SEC) 


Figure  3.  Configuration  IF  Step  Tracking  Response 
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others  «hose  s.ea.l>-sb..e  error  Is  dUflcuU  to  otereome.  even  m.h  .he  ose  o(  e 
integral  control  compensation. 

The  primary  ob)eetive  of  the  flyms  qualities  speclfleallons.  railed  out  m 
MlL-F-STdSn.  I.  to  osbtbilsh  numorlr.tl  criteria  that  detme  level,  of  pertormanr. 
terms  of  pilot  ratings:  Level  1  -  VR  1-3.5.  Uvel  2  -  PR  3.  5-6. 5.  and  Level  3  -  I  R 

It  is  useful  to  examine  the  correlations  of  the  rms  and  time-on-target  data 
calculated  for  the  Neal  and  Smith  configurations  with  pilot  ratings.  The  rms  e  data 
are  presented  in  Figure  4.  The  expected  result  of  increasing  pilot  ratmg  number  w.th 
mcVeasin.  rms  e  is  clearly  shown.  However,  if  an  attempt  is  made  to  draw  a  spec.ft- 
cation  boundary-  as  a  vertical  line  at  some  rms  9,  value,  in  order  to  specify  the  per¬ 
formance  in  Level  1  or  2.  the  result  is  that  no  lines  can  be  drawn  that  do  not  also  in¬ 
clude  many  points  from  the  wrong  levels.  This  failure  of  rms  6,  to  correlate  i^th 
piiot  ratings  sufficiently  well  for  specification  purposes  has  been  frequently  noted. 
From  the  description  of  the  piloted  task,  it  is  clear  that  the  rms  0^  statistic  is  inci¬ 
dental  time-on-target  being  the  primary  performance  measure.  If  calculated  time- 
on-tarUt  is  plotted  against  pilot  ratings,  there  is  again  a  strong  correlation,  as  shown 
r  "gure  5.  unfortunately,  this  correlation  is  even  less  able  to  furnish  specification 

boundaries  than  the  rms  9^  vs  pilot  rating  data. 
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Figure  4.  Correlation  of  rms  9^  with  Pilot  Ratings 
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COimtLATION  or  STEV  TAKGET  DATA  WITH  NEAL-SMITII 
IMI.OT  lUTIXGS 

From  the  above  it  is  clear  that  the  single  Dcrformance  parameters  rms  e  or 
time-on-tar,iet  arc  not  sulf.cient  to  s,K.cily  acceptable  ,«rformance  of  the  Neal  Ll 
•Smith  confinurations.  If  one  consitlers  that  the  pilot  mi«ht  tra.Ie  rms  e  ami  time-on- 
tarset  against  one  another  m  ;;cnomtin5;  his  pilot  ratinj:.  these  statistics  become  more 
iistlul.  To  see  how  this  trade-olf  ma\  take  place,  normalized  rms  e ,  is  plotted  versus 
time-on-tarsict  with  the  iwint  indicated  by  tlie  minimum  pilot  rating  uiven  bv  a  lest  pilot 
during  the  in-fli.uht  simulation.  This  is  shown  in  Figure  .1  aloim  with  apparent  boun¬ 
daries  that  neatly  separate  the  roRions  of  levels  1.  2.  an.l  .f.  With  the  exception  of 
seven  points  out  of  forty-two.  all  confiRurations  lie  in  rcRions  bounded  bv  apparent 
curves  that  illustrate  the  trade-off  between  the  two  ,erformance  measures.  These 
curves  show,  for  example,  that  a  pilot  will  tolerate  more  sluRRish  response  m  a  ..iven 
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Level  if  the  resulting  time-on-target  is  especially  good,  and  conversely.  Since  the 
parameters  rms  and  time-on-target  correlate  with  pilot  ratings  obtained  during  a 
flight  test  program  that  examined  various  tracking  tasks,  the  representation  of  target 
tracking  by  the  step  target  appears  to  be  justified. 


VALIDATION  OF  THE  STEP  TARGET  .METHOD  USING  THE  F-5E  AIRCRAFT 

Further  validation  of  the  method  was  obtained  by  comparing  F-5E  aircraft  with 
and  without  control  augmeitation  at  nine  Right  conditions  representative  of  the  primary 
maneuvering  envelope.  Full  data  is  given  in  Reference  3  from  which  the  examples 
shown  in  Figures  7  and  S  are  drawn. 


Comparison  in  Reference  3  of  the  step  tracking  responses  for  each  flight  condi¬ 
tion  with  and  without  augmenter  shows  the  importance  of  proper  augmentation  for  good 
tracking  resiionse.  in  the  augmented  cases,  the  initial  resfionse  is  faster  as  reflected 
in  the  rms  tracking  error  statistic,  while  the  better  damped  dynamics  lead  to  larger 
time-on-target  values.  To  demonstrate  the  validiti-  of  the  boundaries  shown  in  Fig¬ 
ure  1)  based  on  the  Neal-Smith  data,  the  F-5E  response  data  is  plotted  on  these 
boundaries  in  Figtire  9.  Since  the  augmented  F-5E  has  good  Level  1  Rving  qualities, 
while  the  unaugmented  aircraft  may  or  may  not  meet  Level  1  criteria,  the  Uvel  1-  ’ 
Level  2  bouiuiar;.  as  consi.sient  will,  the  F-.5E  data.  In  this  way.  not  only  do  the  data  of 
Figure  9  show  the  gradient  direction  of  improving  performance  which  characterized  the 
.\eal-Miiith  data,  but  the  actual  suggested  Ixiunilan-  position  is  consistent  as  well. 
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YF-17  CONTROL  IMPROVEMENT  DESIGN  EXAMPLE 

Recently,  the  step  target  method  was  used  to  evaluate  and  studj'  possible  control 
configuration  improvement  of  the  YF-17  aircraft.  The  baseline  aircraft  was  designed  to 
meet  the  Neal-Smith  flight  control  criteria,  but  a  multi-parameter  perturbation  of  con¬ 
trol  constants  has  led  to  improvements  in  predicted  tracking  performance.  Flight 
simulations  are  now  planned  to  verify  these  predictions,  which  involved  only  small  changes 

in  control  joarameters. 

The  predicted  improvements  are  shown  for  a  number  of  flight  conditions  in  I  igure 
10.  Time-on-target  and  rms  tracking  error  are  plotted  against  the  boundaries  shown  in 
Figures  (5  and  9.  The  tail  of  each  arrow  represents  the  baseline  YF-17  as  Right  tested, 
and  the  head  shows  the  predicted  response  of  the  aircraft  with  the  motlified  control 
design.  It  is  clear  that  these  small  changes  in  the  control  parameters  have  produced 
substantial  improvements  in  the  predicted  tracking  performance.  It  should  also  be 
pointed  out  that  these  calculations  were  performed  using  the  full  nonlinear  YF-17  air- 
craft  and  control  descriptions. 


Fiiiiirc  10,  Predicted  Improvement  of  Baseline  M  -IT 
Step  Target  Trucking 
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The  tracking  improvements  shown  in  Figure  10  were  calculated  using  the  same 
modified  control  parameters  in  each  case.  The  most  striking  of  the  time- on-target 
improvements  is  seen  by  comparing  the  baseline  step  response  shown  in  Figure  11  with 
the  modified  performance  shown  in  Figure  12.  The  fii^t  condition  for  this  case  is 
Mach  0.6  at  sea  level. 


Figure  11.  Stup  Target  Tracking  Response  of  Baseline  YF-17 


Figure  12.  Step  Target  Tracking  Response  of  Modified  YF-17 
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SPECIFICATION  OF  AIR-TO-AIR  TRACKING  PERFORMANCE 

The  success  of  the  step  target  tracking  prediction  method  allows  the  following  sug¬ 
gestions  for  tracking  performance  specification.  For  a  specification  to  be  a  useful, 
discriminating,  and  fair  criterion  for  tactical  aircraft  procurement,  the  following 
items  must  be  satisfied: 

1)  The  specification  item  must  be  numerical. 

2)  The  s^iecificaiion  item  must  correlate  with  pilot  comments  and  pilot  ratings. 

3)  The  specification  item  must  be  easily  measured  in  flight  test  or  flight 
simulation. 

4)  The  specification  item  must  be  reliably  predictable  by  analytical  means  for 
use  in  early  design  and  development  evaluation. 

5)  The  method  that  predicts  the  specification  item  must  be  applicable  in  a 
completely  standardized  form  that  evaluates  the  most  general  models  of 
the  candidate  airc.^ift  available. 

6)  The  specification  item  must  be  valid  for  all  current  acceptable  aircraft,  and 
must  exclude  poor  or  unacceptable  aircraft. 

Unfortunately,  these  sLx  requirements  for  militart’  specification  criteria  have 
not  all  l)ecn  met  by  any  steady-state  approach  to  the  precision  tracking  problem. 
However,  the  Transient  method  of  step  target  tracking  potentially  satisfies  these 
items.  In  particular,  the  step  target  method  has  the  following  characteristics  that 
correspond  to  the  requirements  listed  above: 

1)  The  step  target  rnetliod  is  based  on  the  numerical  measures  of  rms 
tracking  error  and  time-on-target  as  shovm  in  Figure  6. 

2)  The  two  measures  correspond  with  pilot  comments  in  the  following  way: 

rms  tracking  error:  Quickness  of  response  and  over¬ 

shoot  characteristics 

lime-on-target;  Steadiness  on  target  and  precision 

tracking  characteristics 

In  addition,  these  two  measures  strongly  correlate  with  pilot  ratings 
obtained  bv  Neal  and  Smith. 
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3)  The  use  of  step  target  tracking  is  alread>*  an  established  flight  test  pro¬ 
cedure,  It  is  completely  standardized  and  easily  tested. 

4)  The  step  target  response  is  easily  predicted  for  longitudinal  step  target 
tracking,  and  the  extension  to  multiaxis  target  tracking  is  straightforward. 

5)  The  method  can  be  used  u  ith  all  representations  of  candidate  aircraft  from 
linear  to  full  nonlinear  equations. 

B)  The  method  clearly  establishes  performance  boundaries  for  the  Neal-Smith 
and  F-5E  aircraft.  The  only  remaining  requirement  for  MIL-F-ST^oB  in¬ 
clusion  is  further  validation  by  current  advanced  tactical  aircraft. 

FINAL  REMARKS 

Pilot  ratings  have  been  successfully  correlated  with  regions  in  the  two-dimensional 
si^aee  having  calculated  rms  tracking  error  and  time-on-target  coordinates  for  the 
in-flight  simulation  data  obtained  bv  Neal  aiul  Smith.  This  shows  the  genertdity, 
versatility,  and  practicality  of  time-domain  pilot  models.  By  demonstrating  analytically 
the  tradeoff  between  target  acquisition  and  precise  tracking  for  a  short  tracking  period, 
the  interrelationships  of  pilot  ratings,  the  dynamics  of  pilot  control  compensation,  and 
discrete  maneuver  flight  test  procedures  are  made  clear.  Validation  by  F-5E  aircraft 
and  a  control  improvement  design  study  of  the  YF-17  turiher  demonstrate  the  use  and 
practicaUt\*  of  the  method.  It  ‘s  expected  that  future  research  into  multiaxis  step  tar¬ 
get  tracking  will  yield  similar  correlations  with  flight  test  data.  In  the  meantime,  ilu* 
time-domain  pilot  model  can  be  readily  used  to  evaluate  a  wide  variety  of  continuous  and 
discrete  tasks  encountered  in  the  flying  (lualiiies  of  modern  iiigh  performance  aircraft. 
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SUMMARY 


The  influence  of  different  types  cf  predictor  displays  in  a 
longitudinal  VIOL  hover  task  is  analyzed  in  a  theoretical  study.  It  has  been 
assumed  that  pitch  angle  and  position  will  be  presented  to  the  pilot  in 
separate  displays  namely  tne  artificial  horizon  and  a  position  display.  The 
predictive  information  is  calculated  by  means  of  a  Taylor  series.  Tne  future 
pitcn  angle  is  extrapolated  0*7s  ahead  and  displayed  as  an  additional  bar, 
whereas  the  position  is  displayed  as  an  extrapolated  path  element.  This  path 
element  is  approximated  by  three  straight  line  segments,  i.e.,  three  future 
position  values  are  calculated  with  the  end  point  being  2.0s  ahead. 

From  earlier  experimental  studies  it  is  well  known  that  predictor 
displays  improve  human  and  system  performance  and  result  in  reduced  human 
workload.  In  this  stuay,  the  optimal  control  model  is  used  to  prove  this 
effect  theoretically.  The  status  and  predictive  quantities  are  considered  as 
separate  observed  variaoles.  The  Taylor  series  coefficients  are  incorporated 
in  the  observation  matrix.  Also,  rate  information  included  in  the  movement 
ot  the  position  and  pitch  angle  indication  is  represented. 

Several  cases  with  differing  amounts  cf  predictive  and  rate 
information  are  compared.  The  results  show  the  expected  improvements  in 
human  and  system  performance  in  terms  of  RMS-values.  The  strongest  influence 
is  caused  by  the  indication  of  the  extrapolated  path  element,  especially  the 
end  point.  Computed  cost  gradients  and  fractions  of  attention  show  the 
relative  importance  of  the  individual  pieces  of  displayed  information-  An 
optimization  of  the  attention  allocation  shows  a  further  improvement  in 
system  performance  in  ail  cases. 


*  This  work  was  supported  in  part  by  the  National  Aeronautics  and  Space 
Administration  under  NASA-Ames  Grant  NSG-2119* 

Permanent  Address:  Research  Institute  for  Human  £ngineering(FAT) 

D-5309  Meckenheim.  F.  R.  Germany 
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I  Introduct Ion 


Predictor  aisplays  have  been  investigated  intensively  in  laboratory 
simulations  [ll-CSJ.  It  has  been  found  that  they  improve  human  and  svstem 
performance  and  result  in  reduced  human  workload.  More  recently,  predictor 
displays  have  been  receiving  increasing  attention  (see,  e.g.,  [6])  becat^e 
the  technology  of  computer  graphics  has  reached  a  high  standard  [7J  which 
allows  one  to  implement  these  displays  more  easily  in  real  man-machine 
systems. 


buring  the  last  few  years,  an  optimal  control  model  of  the  human 
operator  (see  e  [3],  l9])  has  been  applied  as  a  unified  methodology  for 
amlytical  dispUy  design  and  evaluation  [103-1131.  Attitude/director 
indicator  and  flight  director  displays  have  been  considered  as  examples. 


This  paper  is  a  contribution  to  such  an  analytical  display  design  ana 
evaluation  procedure-  Different  types  of  predictor  displays  in  a 
longitudinal  VTOL  hover  task  are  analyzed  theoretically  by  means  of  the 
optimal  control  model  of  the  human  operator.  Rather  than  fitting 
experimenUl  data,  the  purpose  here  is  to  calculate  the  expected  human  and 
system  performance  with  oifferent  display  designs.  These  re^xts  are 
validated  by  intuitive  reasoning  by  considering  earlier  experimental  .-esults 


In  the  next  section,  the  VTOL  hover  task  is  descrioed.  The  assumed 
predictor-display  layout  is  explained  in  Section  III.  Section  IV  gives  a 
brief  overview  of  the  optimal  control  model  and  emphasizes  specific 
considerations  for  applying  this  model  to  the  utilization  of  predictor 
displays.  Finally,  the  results  of  a  case  study  are  discussed  in  Section  v 


II  Description  of  the  VIOL  hover  Task 

The  task  cnosen  in  this  paper  concerns  the  longitudinal  motion  of  a 
hovering  VTOL  aircraft.  For  comparison  purposes  the  task  is  tne  same  as 
that  in  [14]  which  since  then  nas  also  been  considered  in  otner  papers, 
e.g  ,l15j,  [163 . 


Figure  1 Series  Loop  Model  tor  riiot 
Ler*gitudinai  Control  in  Hover  (after  [15]) 
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Figure  1  shows  3  possible  structur©  oT  this  nan— inachin©  systcnij  assuiDlng  a 
series  loop  model  for  the  pilot  in  which  his  behavior  is  represented  by  the 
two  transfer  I'unctions  Yp^j  and  Yp^ 


The  system  dynamics  of  the  aircraft  are  described  by  the  followins 
equation  Isee  also  Figure  2): 


Equation  (1)  includes  a  first  oruer  iag  iin'r;  ior  the  xongituoinai 

gust  u„  from  a  white  noise  source  w^  as  well  as  a  first  order  lag  with  time 
constant  *  0  01s  limiting  the  control  rate  of  the  actuator.  The  main 
reason  for  the  second  iag  is  to  extend  the  state  vector  in  such  a  way  that 
the  second  derivative  of  the  pitch  angle  is  also  a  component  of  the  state 
vector.  This  is  needed  for  the  predictor  display  as  will  be  shown  later. 


Wi 


FP-«0€3 


Figure  2:  Elock  Diagram  of  the  Aircraft  Dynamics 
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the  sane  as  in  the  nominal  case  in  L15j.  namely  ^  ^ 

K  ‘  O  's-'.  V  0.021,7  ft-’s-',  M,  =  .3.0,-,.  .  o.,3,^.2 

■"’=  Of  «>•  --t 

b  JO.H  rac.s  and  the  rms-value  of  the  gust  is  u  *  5.14 

ft  -i  £1  4,u  -rnis 

n.s  ,  i.e.,  the  variance  of  th,e  drivin.-  white  noise  is  =  16.59. 

Ill  Layjut  of  Assumed  Predictor  Displays 

on.  IT  ^foofn„. 

\wi;  ^"^r,;T.ur.JLT^ 

i«pU=»at.a  and  run  “ap'atl«,e“  ftat”  tne  aircraft  na.dn  t„\, 

precloticos  on  the  oasis  of  Vxpaota-*  oo?til  i'nerato 

predictions  are  oalculatea  by  means  of  a  inputs.  Insteada  the 

present  .easuraOie  position,  'ra"  and  adoei^ratU"-'?. 

Of  this  technique  is  that  it  ai<Tht  be  diffi'^t'u  **■  disadvantage 

acceleration  information,  if  this  i^  not  measurabl^  noise-free 

ri*6  Bxtrapolat ion  technicuo  is  uspr*  in  fK« 
extrapolated  longitudinal  position  x  as  weU  as  predict 

X  the  predicted  value  Is  calculated  as  fellows:  ^  Position 


+  %)  =  x(t)  +  T  .x(c)  + 


The  corresponding  Taylcr  serie 


AW  -  X(C,,  + X  (t)  (2) 

s  e.xpression  for  the  pitch  angle  e  reads: 


"(t  +T,)  =f^(t)  +T,  0(t)  +-1 


’tK  sfoird  rruatr.rr/.r  "ni‘‘tri,'n^'r“d  -  .-“-nted  after 
studies  (see  [51)  to  be  a  reasonably  good  ap nroxlm tlm.  «Perioental 

the  pJLfL1r.LT;s;^ays\'5»t'‘i“;;:^^»”  -re.  that 

tle^e  i.  The  pltcn  angleind  rosiriS  ir^USr 

in  tuo  displays.  The  one  for  the  citch  anae  or  Tnn.r 

liKe  one  dimensicn  of  an  artificial  hcrizo^  whpnLt  ^r  1  is 

or  outer  loop  of  Figure  1  is  ore^ent^d  J Tr 

displays  nave  been  stuaiso  exterStanv  in 

nynamios.  aion  allows  for  adopting  the  lollowing  dad.  'TJredStS  spL“o” 
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'Ce  s  0.7s  seems  to  be  appropriate  for  pitch.  For  the  position,  the 
indication  of  an  extrapolated  path  element  with  a  prediction  span  showinj?  the 
range  between  the  actual  value  and  the  end  point  (see  Figure  3),  i  e.,  Tx  s 
0...2S,  has  been  chosen.  The  curved  extrapolated  path  element  can  be 
approximated  by*  e.g.*  three  straight  lines  as  shown  in  Figure  3*  This 
reduces  the  calculation  of  the  path  element  to  that  of  three  points  in  the 
future  i.  e.,  (V3,‘5^3>^nd  ahead. 


9 


Figure  3:  i/ ..splays  wiui  Predictive  Iniormation  lor 
Indications  of  Pitch  Angle  (left)  and  Position  (right) 

IV.  Application  of  the  Optimal  Control  Model 


Actual 

Value 


9po 


Reference 


In  tnis  paper  the  same  optimal  control  model  for  the  human  operator  has 
been  applied  as  in  [15].  In  th^  block  diagram  of  Figure  4#  a  distinction  has 
been  made*  however,  between  influences  of  display  parameters  and  human 
perceptual  abilities  on  the  observation  vector  y(t)*  The  human  perceptual 
aoilities  include  (1)  estimation  in  the  sense  of  extracting  the  first 
derivative  of  a  displayed  variable  from  its  movement  as  well  as  (2) 
perceptual  thresholds  for  the  position  and  rate  of  displayed  variables.  For 
this  study  all  thresholds  have  been  assumed  to  be  zero. 


ri5ure  h:  uptimai  Control  Model  for  the 
Human  Operator  (after  [15]  and  [9]) 


For  reasons  of  comparing  the  results  of  this  oaper  with  those  of  [15], 
the  same  parameters  of  the  human  operator  model  anu  the  cost  fi-nctional  have 
been  adopted  *  whereas  the  aircraft  dynamics  are  those  described  by  Equation 
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(,).  l.e..  onl»  the  v«rv  sUsht  ohanse  «ntlone<i  hefore.  Ihe  cost 

functional  for  optima!  control  55 


j  =  +  400  +  g 


■  ■,  tp.-  -I  -■  t’-  position  X,  the  pitch 

to't  '  J  0  is  by  an  appropriate  choice  of  g  in  Equation  ® 

r.;rr.rrr  s-'-  ^  * 

.  S-^'h^hi  rr  r~“h  “=;  rur  'rnTaLq 

improvements  of  human  an  y  all  status  and 

described  P;  the  following  observation  vector: 


1/3PD 


2/3PD 


I  0 
0  1 


1 


0  0 


0  0 


0  0 


0  0  0 


0  0 


1  1/3t^  0  0 

1  2/3T  2/9T^  0  0 


1/2T^  0  0 

0  1  0 


0  1  0 


1/2t| 


Sj'SplTh:  .Vaur  .s 

tha  firat  1„  E,„tla,  (5)  conaiaara  alao  rata 

and  {3)*  ^  .  i;  and  a  =  ©  as  in  the  baseline  display  format » 

tfa?,"w“ro;a.S  tw'uo  influencaa  of  diaala,  par..at.ra  and  »u»n 
perceptual  abilities  of  Figure  4. 
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As  the  observation  vector  is  normally  derived  fy*nm  t-h® 
vector  on  the  right  side  of  Equation  (5)  comSse2  o^^tion  x  ItllT’ 
Oand  its  first  and  second  derivatives  has  to  be  expj^ssed  in  teSfs  ^nf  "S® 
state  vector.  All  these  components  appear  in  the  sySSreLtion  f n 
Figure  2.  The  mathematical  description  is-  equation  (i)  and  in 


Taking  Equations  (5)  and  (6)  together  result-*  in  tvio  i  t 

the  ODservation  vector;  results  m  the  followir.g  equation 

y  =  P-  T*x  =  c-  x 


Equation  (7J  shows  wti  dllii>  di  tiiCi  C  i*  i  .1  ’’iS  ^  ^ 

observation  matrix  C  One  or  fhp  to  lina  the 

reflect,  the  hlepUy  fomat  ane“L 

other  ,„e,  l.e.,  ^  e„t,l„a  e,.p.h.h«TrS 

ha,  heaa  run.  Ih.  ,3  ca,.,  ,,^1“,-  0^,”,,^  In  their 
Which  are  chosen  as  shown  in  Table  I.  Available  ervation  vectors 

“1"  whereas  a  “n**  mpane  ♦.u  •  a  liable  information  is  denoted  by  a 

wnereas  a  0  means  tnat  this  component  of  the  observaMnn  ^  T 

present  in  the  corresponding  case.  ®ctor  is  not 
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Table  I 

Composition  of  the  Observation  Vectors  for  the  Case  Study 


8 

c 

D 

E 

F 

G 

H 

I 

J 

K 

L 

M 

X 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

u 

1 

0 

0 

1 

1 

0 

0 

1 

0 

0 

1 

1 

0 

*1/3PD 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1 

1 

1 

*2/3PD 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

1 

1 

1 

’‘PD 

0 

0 

0 

0 

0 

0 

0 

1 

1 

1 

1 

1 

1 

a 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

q 

1 

1 

0 

0 

1 

1 

0 

1 

0 

0 

1 

1 

0 

0 

0 

0 

0 

1 

1 

1 

0 

0 

0 

0 

1 

1 

Case  L  is  identical  with  Equation  (5).  From  this,  all  others  have  been 
aerivea  oy  omitting  a  certain  amount  of  information#  i.e.,  deleting  the 
corresponding  rows  in  the  observation  vector  and  observation  matrix. 


Cases  A,  E»  C,  and  D  are  concerned  with  the  influence  cf  rate 
information  which  has  also  been  investigated  in  C17]«  Case  A  is  the  baseline 
aisplay  format  of  this  study  ana  is  the  same  as  in  [15],  Cases  E,  f,  and  G 
consider  only  predictive  pitch  information,  whereas  cases  H»  I,  J,  and  K 
assume  only  predictive  position  information#  being  either  only  the  end  point 
(hfl)  or  the  complete  extrapolated  path  element  (J#K).  Finally,  cases  L*M 
include  both  predictive  pitch  and  position  information- 


The  case  study  is  carried  out  using  the  version  of  the  optimal  control 
model  which  is  described  in  [18].*  This  includes  an  optimization  of  the 
fractions  of  attention  the  pilot  devotes  to  the  individual  pieces  of 
displayed  information*  The  optimization  technique  based  on  the  cost 
graaients  of  all  pieces  of  information  is  described  in  more  detail  in  [19]. 
The  observation  noise-to-signal  ratio  of  the  ith  observed  variable  is 
reiatea  to  its  fraction  of  attention  f,. 


P 


i 


with 


total 


(8) 


vhere  Pq  is  the  full  attention  li^isc-to-signal  ratio,  normally  -20  db  [10]. 
Thus  the  above  mentioned  noise-to-signal  ratios  of  -20dE  for  all  four 

•  The  authors  are  grateful  to  Aerospace  Systems,  Inc.#  burlington.  Mass.,  and 
William  C.  hofftoan  in.  particular  for  furnishing  the  optimal  control  model 
scl  tware . 
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correspond  to  a  total 

Ttn.  t'a"s"'’"''"‘^  devoting":  twits' Won 


V  Results 


easP^  Performance  scores  have  been  sho^.n  in  Figures  5  and  6  for  all  n 

"S!e:.r;r™rof 

khS-errors  .ter  tr,.  rat,  l«'cr.,ati»  \,  ml  avallab' 

see  cases  A-D).  available  (without  prediction  ; 


Figure  5:  nMS-Longitudinal  Errors  Figure  6:  RMS-Pitch  Errors 

(for  all  13  Cases  with  Optimized  Attention  Allocation) 


une  xongituainai  position,  the  . 

inlormation  for  position  and  pitch  (C)  results  in  go/ 

Hhs.-error.  When  only  rate  u  is  removed  (El  fh«  H  increase  in 

50*,  whereas  the  increase  is  only  about  uh^pn  ,7°'* 

(D).  Tnerefore.  it  is  ve,^  importaSr^nat  tTe  . 

easily  allow  the  human  operator  to  make  go'od  rate  esSa^.  to 

Compared  with  the  base  line  oerformarce  (  f  ha  *>  ^ 

l.  tetr.r  s.»U  .hte  o„l,  t„.  Pitch  "stepteilctor  i7  frfTr 

error  te  redooeo  5y  eboct  20S.  .Itr  Predictor  l„,or.atlo*;  to.  o^  plSh 
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Infomatia,  (see  0  f,  „ 

»«S-error  I,  re?„o?e  “>  ‘Oe  „t, 

seaUaole  tor  pltol  \r  =‘ssBtl,  o<„pa„a  „,,i  .  “sellable  (f,g)  ,  (he 
eespeetlvel,.  the  e^ror  Ta”;  a  C  “ee  ".b."*?  '"•sfiotlon  la 

B-ediotor  i„re„a„^  "«B  is  beipepa  b,  35  7o,  ™  “f 

<^oes  not  affect observe  thaf  fv, 

--r  a7b7e-i„  T 

3'r 

the  map.  „as  deduced  by 

ii'S’^'illPsss  - 

long!  tudi na  1  ^or  the  pitch  an 

the  error  increases"  ail  <lefivative*"''r''  similar  to  th 

increase,  whereas  for  Sjle  oh  "^i^ormation  is  r^^^oved  (S, 

B-ea—  f  \bfpl^™-S  „!-•  ~--7-a7”a7i 

srb?T;-r;bf“£ «.e^?“~s“ur„7-ijb’ 

pure  attitude  control  task  T  ^  Pr'edictor  for  an  ar^r-^^”  improved  by  a 

-t7ir7, 

Slrrerenoe  KoS  if  ,7'  "«erl,atl.e  cale  (Cl  <"-">■  This’ 17/1?  ■ 

IB,  poeibiep  BfebleLrbLp\7;u*7SlL7l7!'™-‘«B°«^  ^^7,1 
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tigure  7:  Optimised  Fractions  of  Figure  8:  Optimised  Fractions  or 

Attention  for  Cases  A  B  C  D  Attention  for  Cases  E  F,G  H,I 

For  ail  13  cases  t  the  optimised  fractions  or  attention  are 
plotted  in  Figures  7»8>and  9.  The  total  attention  is  constant  at  4  for  all 
cases*  ncrmalised  to  1  in  the  figure*  assuming  that  the  human  operator  will 
not  increase  his  effort  with  additionally  displayed  information.  For  each 
displayed  variable  fractions  of  attention  are  shown  which  result  in  minimum 
total  cost.  ^her  rate  information  is  available,  the  optimum  fraction  of 
attention  required  is  more  (mostly  by  about  3  to  ^0  times)  for  the  rate  than 
for  the  corresponding  displayed  variable  itself*  i.e.,  position  or  pitch 
angle  (Figure  7^ 

with  no  predictor! the  inner  loop  (see  Figure  1)  demands  more  attention 
(by  about  4  times  more  than  the  outer  loop),  when  rate  u  is  not  available 
(cases  B  C) .  With  the  addition  of  the  predictor,  position  or  pitch  or  their 
derivatives  require  comparatively  less  attention  than  the  predicted 
variables.  The  predictor  requires  3  to  15  times  more  attention* 

Total  attention  for  the  position  predictor  is  about  2  to  3  times 
greater  than  t^at  for  the  pitch  predictor  (Figure  9).  From  this  and  the 
discussions  for  RMS-errors*  the  importance  of  the  position  predictor 
information  is  obvious* 

It  should  be  pointed  out  that  for  constant  total  attention,  the 
ithS-errors  are  still  small  even  when  the  information  available  is  limited  ( 
e  g.,  only  3  variables  in  case  I  compared  to  8  in  case  L  ) ,  as  long  as  the 
position  predictor  is  available.  This  could  be  due  to  less  noise  in 
observing  what  is  available  -and hence  the  possibility  for  better"  state 
estimation.  From  the  foregoing  discussions  it  is  clear  that  the  rate 
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inr'ormation  is  highly  useflil  when  a  predictor  is  not  available.  Having  a 
predictor  for  the  low  speea  cuter  loop  is  more  important  for  performance 
since  it  reduces  the  RNS-errors  more  effectively. 


rigure  9:  Optimized  Fractions  of 
Attention  for  Cases  J.K,L.M 

In  Figure  10,  the  RMS-values  of  position*  pitch  angle*  and  control  for 
different  cases  with  and  without  rate  and  predictor  information  are  plotted 
corresponding  to  optimized  attention  allocation.  These  cases  have  been 
chosen  because  the  additional  indication  of  the  end  point  of  the  extrapolated 
path  element  (h)  compared  with  the  baseline  display  format  U)  results  in  the 
simplest  predictor  display  design  with  the  maximum  performance  improvement. 
Compared  with  these  two  cases*  C  and  I  show  the  influence  of  the  omitted  rate 
information.  The  trends  discussed  earlier  are  seen  again  in  Figure  10. 

The  effects  of  varying  the  total  attention  and  optimizing  the 
attention  allocation  are  illustrated  for  RMS-longitudinal  errors  for  the 
cases  A,C.h,  and  1  (Figure  11).  The  first  bar  in  each  case  corresponds  to 
variable  total  attention  split  equally  among  displays  (1  for  each  observed 
variable),  tor  the  second  bar,  total  attention  is  4*  split  equally  between 
the  inner  loop  and  the  outer  loop*  and  equally  among  displays  in  any 
particular  loop.  The  remaining  bar  corresponds  to  a  total  attention  of  4. 
split  optimally.  The  errors  are  reduced  by  18X  for  case  A.  For  case  C*  a 
reduction  of  about  30%  occurs  when  total  attention  changes  from  2  to  4- 
Optimization  recuces  this  further  by  only  8%.  The  *>light  increase  of 
RMS-error  in  case  H  is  due  to  a  decrease  in  total  attention  from  5  to  4- 
however,  in  case  1*  the  increase  in  total  attention  from  3  ^  does  not 

change  the  UMS- value-  when  attention  is  optimized,  up  to  30%  reduet  ion  in 
error  is  obtained. 
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figure  10:  hj-is-values  of 
TOsition  X.  Pitch  Angle  9 ,  ana 
Control  4*2  tor 
Cases  n,C»h»I  with  Optimized 
Attention  Allocation. 


«  —  Lrrc 
fOr  Cases  A,C,K,I  with  Variable 
and  Constant  Total  Attention. 


.  .  it  IS  necessary  to  Doint  out  that  r 

ootaineo  may  not  be  the  globally  optimum  v-Iups  fractions  aitenci 

inner  ana  cuter  loop  and  the  interaeoLrifn  coupling  betwe 

int-ormation  (see  f  igure  2  and  Kuat iJns Tend  5.  rai 

initial  conaitions  lead  to  different  ^ ' 

similar  total  cost  values.  This  corresponds  . avocations  wH 

nu.man  operator  .has  also  in  choosirs  betwo  '  owever,  tc  the  freedom  tl 
=f  liitsrrelatso  Itif  oraation.  IM  opti=l-“  fraAYo 
paper  e„  Pp 


*»!  Conclusions 


the  model  ^ 

obtaineo  eg.,  m  [5].  The  position  predlotor  df ''^^ul 
reducing  the  RMS-errors.  Especially  tL  more  useful 

element  has  the  strongest  influence  *Due  fo  extrapolated  pa 

Mat  M,  p„=p„  ei„Ju  It  ia  poaaip 

co.'nparec  to  pitch  rate.  longitudinal  position  ral 
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The  addition  of  a  Xh^" 

evidenced  by  the  smaller  ^”°3  could  also  have  an  effect  on  the 

pilot  are  guidea  by  the  predict  .  states  is  aided  by  the  predictor 

r„ternal  model  oecause  ®®t^nts  of  tJe  state  predictor  implicitly 

fnflide^d  in^Jhe  Tp^f  control  of  the  human 

L^%;”'’al°sT"e  Vo\tJ  tT  monitoring  and  supervisory  control  tas.s. 
SfaJate  studres  are  needed  to  evaluate  this  effect. 

The  study  shows  that  °P''^”jiing°tS3^eSdoloS  it  is  possible 

analytical  ®-Sn  disolty  Wameters,  e.g.,  to  find  the 

to  investigate  the  °  -an  .  -jhis  may  allow  one  to  avoid  expensive 

optimal  length  of  the  Prediction  span.  This  y 
san-in-the-lcop  simulation  studies- 
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SUMMARY 


A  hierarchy  of  strategies  were  postulated  to  describe  the- process  of 
learning  steering  control.  Vehicle  motion  and  steering  control  data  were 
recorded  for  twelve  novices  who  drove  an  instrumented  car  twice  a  week  dur¬ 
ing  and  after  a  driver  training  course.  Car-driver  describing  functions  were 
calculated,  the  probable  control  structure  determined,  and  the  driver-alone 
transfer  function  modelled.  The  data  suggested  that  the  largest  changes  in 
steering  control  with  learning  were  in  the  way  the  driver  used  the  lateral 
position  cue. 


INTRODUCTION 


Various  aspects  of  driver  behavior  have  been  studied  using  manual  control 
theory.  To  date,  most,  if  not  all,  of  this  research  has  used  expeHenced 
drivers.  The  research  to  be  described  in  this  paper  used  inexperienced  drivers 
in  order  to  study  the  changes  in  the  driver  describing  function  as  a  novice 
learns  to  steer  a  car. 


The  mathematical  model  used  to  describe  the  driver  is  the  crossover  model, 
described  in  Reference  1.  Though  the  model  was  developed  using  single-loop, 
compensatory  tracking  tasks,  it  has  been  successfully  used  to  describe  car 
driving  where  two  loops  are  involved.  The  basic  tenet  of  the  crossover  model 
is  that  the  human  adapts  to  each  controlled  element  so  that  the  open  loop  man- 
machine  transfer  function  always  has  the  form: 


Y^(jw)Y  (jw)  =  w  e 
p  c  _c 


-JWT 


(1) 


JW 
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where  is  the  system  crossover  frequency,  and  t  is  the  effective  time  delay 
(incorporating  delays  due  both  to  the  operator  and  the  control  device),  Yp 
is  the  operator  describing  function,  Y  is  the  transfer  function  describing 
the  control  device  dynamics,  and  jw  is  the  complex  frequency  variable. 

Weir  and  McRuer  (Reference  2)  applied  this  model  to  automobile  lane¬ 
keeping  steering  tasks  in  order  to  determine  which  of  the  available  visual  cues 
would  yield  good  performance  without  great  effort  on  the  part  of  the  driver. 
From  previous  studies  with  the  crossover  model  it  has  been  shown  that  the  human 
operator  selects  from  the  possible  cues  or  feedbacks  those  that  minimize  his/ 
her  equalization  requirements.  In  other  words,  the  operator  prefers  to  act  as 
a  simple  gain  and  time  delay  rather  than  as  a  single  or  double  differentiator, 
and  selects  cues  so  that  s/he  can  do  this.  The  car  dynamics  in  lateral  posi¬ 
tion  are  such  that  the  use  of  lateral  error  as  a  cue  would  require  the  operator 
to  act  as  a  differentiator,  (y  .  jwKe”'^'^*^  crossover  model.) 

This  eliminates  lateral  error  as  a  dominant  cue  for  the  experienced  driver. 
Heading  angle  and  rate,  path  angle  and  rate,  and  time-advanced  lateral  devia¬ 
tion  were  studied  (Reference  2)  as  possible  cues.  As  heading  rate  control 
allows  a  fairly  large  lag  and  produces  a  high  crossover  freauency,  it  appears 
to  be  the  best  cue  to  use.  As  its .use  is  associated  with  hioh  freauency  con¬ 
trol  movements,  heading  angle  (an  intermediate  frequency  cue)  is  a  more  probabl 
cue  in  less  demanding  situations.  Control  is  unlikely  to  be  purely  directional 
since  drifts  in  lateral  position  will  occur  which,  if  uncorrected,  may  result 
in  the  car  going  out  of  the  lane.  Therefore,  it  was  suggested  that  a  probable 
structure  for  an  experienced  driver  is  an  outer  loop  controlling  lateral  posi¬ 
tion  and  an  inner  loop  controlling  heading  angle  or  rate.  The  heading  angle 
inner  loop  provides  the  path  damping  necessary  for  a  stable,  well-behaved 
closed  loop  system  -  and  thereby  avoids  the  necessity  of  the  operator  differ¬ 
entiating  the  input  (which  would  difficult  because  it  must  be  done  at  low  fre¬ 
quencies  as  well  as  high)  which  would  be  needed  to  stabilize  the  outer  loop, 
if  it  were  the  only  loop  closed.  Though  a  single  loop  structure  of  time  ad¬ 
vanced  lateral  deviation  had  also  been  suggested  in  Reference  2,  the  time  ad¬ 
vance  (preview  time)  necessary  for  such  a  control  loop  to  work  was  in  the 
order  of  5  to  10  seconds.  Below  these  values  the  lead  generated  by  using  pre¬ 
dicted  future  lateral  deviation  'would  not  compensate  sufficiently  for  the 
inherent  lags  in  the  driver/vehicle  system'.  In  Reference  3  a  survey  is 
presented  of  the  research  on  estimated  preview  times  used  by  experienced  dri¬ 
vers.  Only  when  the  driver  viewed  the  road  through  a  narrow  slit  were  preview 
times  in  the  range  needed  for  good  use  of  time  advanced  lateral  deviation  as 
a  control  loop.  This  suggests  that  such  a  control  loop  is  an  unlikely  possi¬ 
bility  under  normal  driving  conditions.  The  reader  must  be  cautioned  at  this 
point  that  statements  about  which  cues  are  used  in  driving  in  no  way  imply 
that  these  cues  are  directly  perceived  by  the  driver.  For  example,  the  driver 
may  perceive  heading  angle  directly  or  may  perceive  some  function  of  heading 
angle.  The  mathematical  analysis  cannot  differentiate  between  two  such  depend¬ 
ent  variables. 


Hypotheses  About  Learning  Steering  Control 

Perceptual -motor  learning  studies,  eye  movement  studies  of  novice  drivers 
and  anecdotal  information  obtained  from  driver  instructors  were  used  to  gen¬ 
erate  hypotheses  about  the  stages  in  the  learning  of  steering  control.  In  the 
first  stage  it  was  postulated  that  the  driver  controls  lateral  position  (y), 
the  most  obvious  cue.  In  reference  4  it  was  shown  through  a  study  of  the  eye 
movements  of  novice  drivers  that  novices  tended  to  look  closer  in  front  of  the 
vehicle  than  experienced  drivers,  suggesting  they  were  looking  for  lateral 
position  cues.  As  was  pointed  out  earlier,  lateral  position  is  a  difficult 
cue  to  control  so  this  stage  was  not  expected  to  last  long  (see  Fig.  1). 

With  experience  the  novice  begins  to  look  further  ahead  of  the  car.  This 
is  necessary  in  order  to  better  monitor  the  environment  tut  also  allows  the 
driver  to  pick  up  heading  angle  (v)  movements  more  easily.  The  car's  dynamics 

in  heading  angle  are  rate  dynamics,  so  that  the  driver's  control  may  be 

modelled  by  a  simple  gain  and  time  delay.  Thus  the  second  stage  is  that  the 
driver  will  use  heading  angle  as  the  dominant  cue,  but  will  still  control  lateral 
position  directly  (as  in  the  first  structure),  with  corrections  being  made 
when  a  significant  lateral  position  error  has  accumulated.  An  analogous 
strategy  was  used  by  subjects  in  an  experiment  described  in  reference  5,  where 
subjects  using  an  oscilloscope  centered  a  target  on  crosshairs  by  seguentially 
pressina  two  keys,  one  causing  target  acceleration  to  the  right  and  the  other,, 
to  the  left.  The  response  pattern  suggested  that  some  subjects  modified  their 
responses  on  the  basis  of  feedback  i.e.  after  drifting  off  target  they  made  a 
single,  long  duration  corrective  movement,  while  other  subjects,  who  maintained 
a  higher  rate  of  responding  and  were  consistently  better  in  overall  performance, 
used  a  more  efficient  strategy.  These  latter  subjects  'when  the  target  drifted 
off  center  to  the  left. . .maintained  a  high  rate  of  responding  but  at  the  same 
time  gradually  increased  the  length  of  time  the  right  key  was  active  relative 
to  the  left  key,  so  that  over  a  series  of  responses  the  target  was  made  to 
drift  back  towards  the  center'.  It  was  postulated  that  at  an  intermediate 
stage,  learning  drivers  would  be  using  a  strategy  similar  to  Pew's  first 
group  of  subjects,  which  would  be  represented  by  an  alternating  operation  on 
lateral  position  and  heading  angle  as  shown  in  Fig.  2. 

In  the  final  stage  of  learning,  it  was  postulated  that  the  driver  would 
begin  to  use  dual  loop  control,  where  heading  angle  is  the  dominant  cue,  con¬ 
trolled  by  an  inner  loop,  and  lateral  position  is  controlled  with  an  outer 
loop.  In  this  way  lateral  position  may  be  controlled  by  heading  angle  cor¬ 
rections  i.e.  using  a  simple  gain  (Y^  =  K^)  rather  than  having  to  estimate 

rate  of  change  of  lateral  position.  The  operators  control  of  heading  angle 
was  modelled  by  a  gain,  Kij;,  a  lead  term  (1  +  T^jw),  and  a  time  delay 

^g-jwxj^  Y  _  p  The  lead  term  is  needed  to  offset 

J  '<1)  f* 

a  lag  in  vehicle  response  at  higher  frequencies.  For  the  experimental  car  the 
break  frequency  of  this  lag  occurred  at  T^  =  9.4  rad. /sec.,  therefore  the  same 

value  was  assumed  for  T^  when  the  driver-alone  transfer  function  Was  modelled. 

In  reference  6  it  was  shown  that  this  structure  satisfied  the  crossover  model 


and  appeared  to  provide  a  reasonable  fit  to  experimental  data.  Such  a  form 
of  control  is  analogous  to  that  used  by  the  subjects  using  the  more  efficient 
strategy  in  the  experiment  described  in  reference  5. 


Theoretical  Analysis 

The  driver-car  transfer  function  for  the  control  structures  postulated  as 
stages  in  the  learning  process  will  now  be  derived. 

.  Using  Fig.  1,  the  following  relationship  may  be  obtained: 


-J  ;.[V|  - 1-- - 


'2> 


Fig.  1.  Single-loop  control  of  lateral  posi¬ 
tion  ^sswa- steering  wheel  angle,  fiw-front  tire 
angle,  Gs-steering  gain,  other  definitions  in 
text) 

If  each  variable  is  cross-correlated  (see  reference  7  for  a  description  of 
these  techniques)  with  the  input  disturbance,  the  following  is  obtained: 

Y..G.  -  9,  .G^Y.G,  (3) 


d"w  °  "'d'd  *  ‘“d"''  ■  -‘.n-y-: 


^d°w  '^w 

The  remnant,  n,  is  by  definition  that  part  of  the  drivers  output  which  is  un¬ 
correlated  with  the  input,  so  that  ij,.  may  be  considered  to  be  zero.  Because 

is  such  designed  so  that  it  is  much  larger  than  n,  -pg  ^  will  te  negligible  in 


comparison  with  ip.  .  and  . 

d  w  d  d 


d" 

Equation  (3)  is  then  reduced  to: 


’d"d 


^d'^d 


^d^w  .  Y  G  g|  (4) 

- y  s  0^ 


For  structure  2  this  expression  is  equal  to  ^y*^s*^I  depending  on 


which  loop  is  in  use.  For  the  dual-loop  structure  3  this  expression  becomes: 

=  Y. 


'd'^d 


d'W 


^d'd 


1  .  Y^G^  1 


G'f  G 

5  S 
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Fig.  2.  Parallel  loop  control  of  heading  angle  and  lateral  position 

n  *(1  T 


j 

1 
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_  Y 
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Fig.  3.  Dual  loop  control  of  heading  angle  and  lateral  position 


Thus,  no  matter  which  structure  the  driver  is  using,  the  same  cross  spec¬ 
tral  expression  is  calculated  to  obtain  the  car-driver  transfer  function.  HoW' 
ever,  as  will  now  be  shown,  the  form  of  the  transfer  function  obtained  differs 
depending  on  which  structure  is  in  use. 


In  the  first  two  structures,  either  heading  angle  or  lateral  position 
is  being  controlled  at  any  one  time.  Thus  the  first  two  structures  are  single 
control  loops  which,  in  the  frequency  range  used  in  this  study,  may  be  expected 
to  conform  closely  to  the  crossover  model.  Therefore,  using  equation  (1),  the 
car-driver  transfer  will  have  the  form  ^  this  function  is 

plotted  on  a  Bode  plot  (amplitude  and  phase  vs.  frequency)  the  amplitude  slope 
is  20db  per  frequency  decade  (see  Fig.  4). 


structures  1,  2,  3 


The  values  assumed  for  the  driver's 
transfer  functions  in  the  third  structure 
were  such  that  the  car-driver  transfer 
function  could  be  modelled  at  mid-  and 
high  frequencies  (i.e.,  near  crossover 
frequency)  by  the  crossover  model,  as  in 
the  first  two  structures.  However,  the 
‘.presence  of  the  outer  loop  operating  on 
y,  affects  the  expected  amplitude  slope 
of  the  Bode  plot.  Using  equation  (5),  . 
as  frequency  increases,  the  ratio 

decreases  rapidly  so  that  the 

0  0 
w  w 

main  effect  of  the  term  is  at  low 
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frequencies,  where  it  causes  an  increase  in  the  amplitude  slope  as  seen  in 
Figure  4.  Thus  structure  3  may  be  distinguished  from  structures  1  and  2  by  the 
presence  of  an  increased  slope  in  the  Bode  amplitude  plot  of  the  car-driver 
transfer  function.  Structures  1  and  2  must  be  distinguished  from  each  other 
by  more  subtle  cues,  however.  Because  of  the  change  in  operator  rocuirements 
a  change  from  control  of  lateral  position  to  dominant  control  of  heading  angle 
would  result  in  a  jump  in  crossover  freqeuncy  and  an  increased  phase  angle  at 
low  frequencies.  (The  difficulty  of  generating  the  low  frequency  lead  needed 
for  lateral  position  control  results  in  a  pronounced  phase  droop  at  low  frea- 
uencies  and  a  lower  crossover  frequency.)  ^ 

The  considerations  discussed  above  were  used  to  help  determine  the  control 
structure  used  by  the  subjects.  v.uiil.ui 


EXPERIMENTAL  PROCEDURE 


Subjects 

To  test  the  hypothses  about  changes  in  steering  control  with  learr.ino 
twelve  novic.:  drivers  participated  in  an  experiment  usina  an  instrumented* car 

The  subjects  were  all  high  school  students  who  at  the 
start  of  the  experimental  test  period  were  beginning  a  three  week  intensive 
driver  training  program.  They  were  selected  on  the  basis  of  havina  had ^minimal 

Three  subjects  had  never  driven  a  car  before  being  re- 
0  ed  driving  the  instrumented  car  and  the  other  subjects  had  driven  on  at 

most  five  previous  occasions.  The  subjects  were  tested  on  nine  separate 
occasions  over  the  five  week  period.  separace 


Equipment 

The  instrumented  car  driven  by  the  subjects  was  capable  of  recordino 
dryer  consol  measures,  vehicle  motion  variables  and  vehicle  lane  oositinn 
and  was  built  by  Systems  Technology  Inc.,  Los  Angeles  and  lent  tn 
by  the  U  S.  Netiohel  Highway  Traffic  Safety  AUn,1n?sl?at?™.  ?i(e  ?aj  s  detJrLd 
y  detail  in  y  STi  technical  manual  (Klein  et  al,  1976).  Two  features 

■  lateral  position  detector  was  developed  by  the  Institute  for  P^rrAntinn 

in  the  Nether  andy  It  consists  of  a  position  transducer  and  a  control  unU 
The  position  tranducy  use«:  a  rotating  prism  to  scan  the  intenstiy  of  refl^aed 
lynt  in  a  lateral  plan  across  the  road  and  re^l^ct  the  light  in  a 
plifier.  Any  marker  which  sufficiently  con--rf •  t  .'i 'n  its  suVrlndiJof^r 
yken  as  being  part  of  the  reference  line  h.  :,,nA  ^racker  For  IL^r 

iment  a  2.5  inch  wide  strip  was  laid  dow.n  .i-  :  n-arkcr  to  be  oi^Kd 

up  by  the  position  detector.  '  ’  ■  '-fi.  Kw  to  ue  pickea 

The  yrvo  control  allows  for  application  of  steering  inputs  to  the  'rnnt 
wheels  independently  of  the  driver's  steering  inputs.  This  is  accomplished  by 


hooking  up  an  analogue  tape  recorder  containing  a  taped  disturbance  which  is 
played  back  and  passed  by  means  of  an  electro-mechanical  device  through  the 
steering  linkage  to  the  front  wheels.  This  provides  a  means  of  measuring  the 
closed  loop  dynamic  behavior  of  the  driver  by  insertion  of  a  known  input  or 
disturbance  function  into  the  loop.  The  disturbance  function  used  in  the 
experiment  was  a  sum  of  nine  sinusoids  -  .377,  .503,  .754,  1.257,  1.634,  2.765, 
4.271,  5.781  and  10.801  rad. /sec.  Each  of  these  input  frequencies  has  an  inte¬ 
gral  number  of  cycles  in  a  50  second  run  length.  The  advantage  of  using  a 
sum  of  sines  input  is  that  while  the  remnant  is  spread  out  over  many  frequencies, 
the  input  is  concentrated  at  discrete  frequencies.  Thus,  at  these  discete  fre-- 
quencies,  where  the  driver  car-driver  transfer  function  is  measured,  the  remnant 
is  swamped  by  that  part  of  the  output  signal  which  is  correlated  with  the  input, 
so  that  relatively  clean  estimates  of  the  correlated  output  are  obtained. 

The  variables  recorded  during  the  subject  runs  were:  steering  wheel  angle, 
front  tire  angle,  heading  angle,  lateral  acceleration,  lateral  position, 
forward  velocity  and  the  disturbance  signal  input. 


Procedure 

Each  of  the  twelve  subjects  came  to  the  test  site  twice  a  week  for  five 
weeks.  On  the  first  test  day  it  was  determined  from  the  first  two  subjects  that 
the  novices  could  manage  a  speed  of  40  k.p.h.  This  determined  the  speed  which 
was  used  for  all  the  test  runs.  Runs  were  made  up  and  down  two  marked  lanes  on 
a  half  mile  stretch  of  an  unused  runway.  In  total  200  seconds  of  data  were 
collected  for  each  subject  on  each  day. 


RESULTS 


Changes  in  the  Car-Driver  Transfer  Function  with  Learning 

Table  1  summarizes  the  one  factor,  repeated  measures,  analyses  of  variance 
which  were  carried  out  for  the  amplitude  and  phase  angle  values  in  the  car-driver 
transfer  function,  using  twelve  subjects  and  nine  (treatment)  days.  Analysis 
of  the  power  spectrum  of  steering  wheel  angle  showed  that  the  driver's  input  at 
frequencies  above  2.765  rad. /sec.  was  negligible  (<  1%  of  total  input).  Also, 
at  these  frequencies  the  signal  to  noise  ratio  is  high  and  therefore  the  esti¬ 
mates  are  less  reliable.  Consequently  changes  at  the  first  six  frequency  points 
(in  the  disturbance  signal  car-driver  transfer  function)  are  of  greatest  int¬ 
erest. 

Table  1  and  Figure  5  show  that  a  significant  increase  in  amplitude 
of  the  car-driver  transfer  function  occurred  over  the  test  period  at  the  first 
four  freqeuncy  points.  However,  the  amplitude  at  the  first  frequency  point 
showed  themost  dramatic  change.  While  the  means  of  the  first  two  days  were 
approximately  equal,  the  mean  increased  by  40"  on  the  third  day  and  fluctuated 
about  this  value  for  the  last  six  days.  ..  .As  this  large  incveasa  did  not  occur 
at  frequency  points  adjoining  .377  rad. /sec.,  a  change  in  slope  of  the  amplitude 
plot  of  the  car-driver  tansfer  function  is  indicated.  When  individual  subject 
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TABLE!  >r\A 

Oays:  n  SaMects 

Aniplitude  E 


Frequency 
rad. /sec. 

.377 

.503 

.754 

1.257 

1.634 

2.765 


Differences  Between  Days 
(.05  Level) 


2.242^., 

3.158+ 

4.725+ 

2.651 

0.845 

1.607 


Day  1  <  3-9  ^  „ 
Day  1  < 

Day  1  <  3-9;  Day  2 
Day  1  <  3-9 


’'8,88 

1.622 
<  9  1.550 
4,9  0.930^.++ 
4.216_ 


Differences  Between  Days 
(.05  level) 


"A-.llb  Oa,  2^5.  Day  8>5-,  Day  9>6-7 
1%  3-6<7.9 


,05.  -OL-ll^ 


1o\/p1  of  significance^  —  -  subjects,  the  amplitude 

of  the  .377  ^  ,♦  other  frequencies,  '■’'^''^^t/tL^section  on  modelling, 

rhole'^amplfJslope  i^  frequencies,  ns  a  result 

r, 

i^ra'SralUraSfSsroS;  ttatTt  tha 

.a.,. ... 

The  changes  in  a"’Pl'.^^J®/Je.?ected"iS  U^oved  tracking  performance, 
r;,f4ara^Lrr—  oS^nf  f1-t  tnaea  days. 

P.  au  .e  vanaDUa  -..a 

heading  angle  deviation. 

Bodelling  the  OHver-Alone  Describing  Fanctien 

In  the  first  t«o  structures  '?■  “Je'^ol^SifcaJ-driver^tSsfer 

of  coitrolled  mechanics  in  such  a  manner  th^  previously, 

function  has  the  same  form  (see  Fig.  .)• 
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Fig.  6.  Phase  angle  changes  around 
crossover  (12  subjects) 


- ; - j  ^  ^ 

2.x  '■*.00^^^ 

Change  in  amplitude  (12  sub¬ 
jects) 


experimental  data  shows  that  a  switch 
from  proportional  control  (i.e.,  control 
of  lateral  position)  to  rate  control 
(i.e.,  control  of  heading  angle)  results 
in  a  large  improvement  in  crossover 
frequency.  Although  there  was  mean 
increase  in  crossover  frequency  in  this 
study,  from  1.696  to  1.929  rad. /sec., 
the  increase  was  small,  occurred  grad¬ 
ually,  andwas  statistically  insignifi¬ 
cant.  Only  two  of  the  twelve  subjects 
showed  large  changes  in  crossover  fre¬ 
quency.  Further  examination  of  the  data 
suggested  that  reasons  other  than  a 
change  in  control  structure  were  respon¬ 
sible  for  the  increase. 


Another  factor  which  aids  in  deciding  upon' the  control  structure  in  use 
is  the  percent  of  high  frequency  area  (fSHFA)  in  the  power  spectrum  of  the 
steering  wheel  angle.  A  car's  dynamics  are  such  that  at  the  higher  frequencies 
it  shows  a  greater  response  in  heading  angle  than  it  does  in  lateral  position. 
Therefore,  a  driver  who  controls  lateral  position  most  use  lower  frequency 
inputs  to  get  a  reasonable  response  from  the  car.  Consequently,  one  would 
expect  that  1HFA  would  be  lower  for  a  driver  controlling  lateral  position  than 
it  would  be  for  a  driver  controlling  heading  angle.  The  data  showed  that  the 
%HFA  was  higher  rather  than  lower,  though  not  significantly  so,  in  the  first 
days  of  the  experiment  than  in  the  last.  This  is  another  indication  that 
the  subjects  were  probably  not  using  the  first  postulated  structure  where  lat¬ 
eral  position  was  the  primary  cue  for  control. 

Though  this  assumption  will  be  used  in  determining  how  the  driver  transfer 
functions  will  be  modelled,  it  must  be  stressed  that  the  structure  of  a  system 
with  only  one  input,  with  which  identify  two  operator  transfer  functions, 
can  only  be  inferred;  it  cannot  be  known  with  certainty. 

If  the  first  structure  can  be  eliminated  as  a  mode  of  control,  the  mod¬ 
elling  of  the  driver-alone  transfer  function  is  simplified. 
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Let  us  consider  the  third  control  structure.  As  was  discussed  previously, 
the  form  used  for  Y  ,  the  driver's  operation  on  functions  of  lateral  position, 

was  to  be  a  simple  gain  K^.  If  the  data  are  fitted  to  this  third  structure, 

but  have,  in  fact,  been  generated  by  the  subject's  using  the  second  structure, 
the  term  K  will  be  zero.  Consequently,  equation  (5)  will  reduce  to  an  equa¬ 
tion  which  describes  the  second  control  structure.  Consequently  the  value  of 
Ky  will  indicate  which  structure  was  probably  in  use. 


The  effective  driver-alone  transfer  function  for  the  third  structure  was 
derived  by  removing  ,  the  car's  dynamics  in  heading,  and  modelled  using: 


Gr 

"w 

•iw-  '  ■ 

■  g:  (jw) 


(5) 


T 
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Table  2  shows  the  values  derived  for  K  ,  t,  T^,  and  for  selected 
test  days,  averaged  over  twelve  novice  drivers  (see  also  Figure  7). 


TABLE  2 

Parameters  for  the  Averaged 
Effective  Driver  Transfer  Function 


Day 

deg. /deg. 

K'  rad. /sec. 
y 

T  sec. 

1 

0.590 

0.20 

.42 

2 

0.555 

0.20 

.42 

3 

0.595 

0.44 

.36 

6 

0.615 

0.71 

.37 

9 

0.630 

0.82 

.25 

(since  T^  ;  T^  (= 

9.4  rad. /sec. 

for  the  test  car). 

T^  -  T^  was  assumed). 

K'  =  K  Uo  where  Uo  is  the  forward  velocity 

y  y  _ _ _ 

Discussion  of  Modelling  Results 


Data,  from  experienced  drivers,  that  (in  reference  8)  ivas  fitted 
to  the  third  control  structure  show  the  amplitude  fit  to  be  good  across  all 
frequencies  measured  and  the  phase  fit  to  be  best  nearest  the  crossover  fre¬ 
quency.  This  same  type  of  model  fit  was  obtained  with  the  experimental  data. 
Goodness  of  fit  parameters  were  calculated  using  the  distance  from  the  modelled 
to  the  actual  data  point,  relative  to  the  standard  deviation  at  that  point. 

For  the  experimental  car,  the  response  lag  which  is  offset  by  the  driver's 
use  of  heading  rate  (vs.  heading  angle.)  begins  to  have  effect  at  9.4  rad. /sec. 
(the  break ’frequency).  Though  1/T^  is  expected  to  be  approximately  equal  to 

9.4  rad. /sec.,  and  because  this  value  is  far  enough  outside  the  measurement 

frequency  range  to  have  little  effect  on  the  model  anyway,  9.4  rad. /sec.  was 

used  for  the  value  of  1/T'  for  all  days.  It  is  evident  from  the  fit  parameters 
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in  Table  2  that  the  largest  changes  occured  in  the  value  of  K\  The  smaller 
changes  in  the  K  parameter  indicate  that  heading  angle  was  controlled  in  much 
the  same  way  on  the  first  day  as  on  the  last.  In  contrast,  the  value  of 

doubled  between  days  two  and  three,  moving  within  the  measurement  frequency 
range  (i.e.,  >  .377  rad. /sec.),  and  doubled  again  between  days  three  and  nine. 
This  change  reflects  the  large  increase  in  the  amplitude  of  the  car  driver 
transfer  function  at  .377  rad. /sec.  between  days  two  and  three.  The  increases 
in  the  value  of  K'  point  to  the  increased  control  of  lateral  position  as  de¬ 
fined  in  the  third  structure.  The  phase  fits  were  so  poor  that  very  little 
faith  can  be  placed  in  the  time  delay  values.  However,  they  do  conform  to  the 
findings  of  other  reasearchers  that  the  time  delay  decreases  with  learning 
(Reference  1).  A  large  improvement  in  the  model  fit  to  the  phase 
data  occurred  over  the  learning  period  as  the  low  frequency  phase  droop  became 
less  noticeable  (as  illustrated  in  Fig.  7). 
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In  summary,  though  the  fit  para¬ 
meters  do  not  indicate  a  sharp  division 
between  days  one  and  two  and  day  three, 
enough  of  a  change  in  is  indicated 

to  suggest  that  on  day  three  and  there¬ 
after  the  drivers'  control  structure 
bore  more  resemblance  to  structure 
three,  where  an  outer  loop  controlled 
lateral  position,  than  to  structure 
two,  while  on  days  one  and  two,  the 
reverse  was  true. 


Fig.  7.  Effective  driver  transfer 
function,  averaged  over  12 
subjects,  days  1  and  9 


Other  experimenters,  using  lab- 
,  oratory  tracking  tasks  (Reference  9) 
have  not  found  changes  in  strateoy 
with  the  learning  of  tracking  control 
but  did  note  improvements  in  gain  and 
crossover  frequency.  Using  a  more 
complex  tracking  task,  steering  a  car. 


such  a  change  in  strategy  was  found  to  occur,  as  well  as  the  previously  noted 
change  in  gain.  Phase  margin  rather  than  crossover  frequency  was  found  to 
improve  with  learning  indicating  that  the  subjects  opted  for  an  improvement 
in  stability  of  control  over  improved  system  response. 
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